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 When Great Smoky Mountains National Park (GRSM) was protected in the 1930s, 
approximately 20% of the landscape was old-growth forest, the remainder second-growth forest 
recovering from logging, settlement, and other land use. Despite protection, indirect human 
disturbances have continued to influence change in this diverse landscape. I use vegetation 
datasets from the 1930s and 1990s-2000s to investigate changes in forest structure and 
composition (Chapter 1) and tree species distributions (Chapter 3) with respect to environmental 
gradients, disturbance history, and species functional groups.  The influence of complex 
topography on fine-scale patterns of soil moisture has not previously been quantified for GRSM.  
Here, I present a fine-scale empirical model of soil moisture (Chapter 2). 
 In Chapter 1, I show how disturbance history interacts with environmental gradients to 
structure southern Appalachian forests. Historical disturbances have remained important as 
predictors of forest structure and composition, although their importance has decreased relative 
to topography since the 1930s. Structural comparison of vegetation plots matched by 
environmental conditions reveals widespread change, reflecting disturbance history and 
successional processes. 
 Chapter 2 presents an empirical model of fine-scale soil moisture for GRSM, structured 
hierarchically to account for nested effects of climate and topography operating at different 
spatial scales.  Fine-scale soil moisture is influenced by differences in growing-season 
 
iv 
precipitation at the regional scale, site position within the landform context at the watershed 
scale, and site topography at the local scale.  Soil moisture is buffered above an elevation 
threshold in this model, likely a result of cloud immersion and lower temperature that produce 
additional moisture inputs and reduced evapotranspiration at higher elevation. 
 In Chapter 3, I use hierarchical Bayesian species distribution modeling to investigate 
change in GRSM tree species distributions with respect to three drivers of global change: major 
disturbance, climate change, and fire suppression.  In aggregate, species’ optima on the elevation 
and topographic moisture gradients shifted to lower, drier sites.  Patterns of species response 
suggest the influence of all three drivers of change, although major disturbance may explain 
changes not explained by climate change or fire suppression.  Future work should address 
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CHAPTER 1: STRUCTURAL AND COMPOSITIONAL CHANGE 
IN GREAT SMOKY MOUNTAINS NATIONAL PARK  
SINCE PROTECTION, 1930s-2000s1 
 
Introduction 
 Spatial and temporal variability in environment and disturbance, interacting with species 
adaptations, creates structural and compositional variability across forested landscapes. This 
variability has been shown to be important for the persistence of populations (both plants and 
wildlife), ecosystem function, and ecosystem services (Landres et al. 1999). With increased, 
pervasive anthropogenic impacts on forests and the need for effective management across 
landscapes and regions, understanding and comparing historic and present-day range of variation 
in forest structure and composition serves important scientific, conservation, and management 
purposes. In eastern USA forests, previous studies of disturbance and forest structure have 
focused on single disturbance types (e.g., Clinton and Baker 2000), temporal sequences dating 
from specific disturbance events (e.g., Reilly et al. 2006), specific communities or site conditions 
(e.g., Jenkins et al. 2011), and restricted spatial scales (e.g., Elliott and Swank 1994). Research 
elsewhere has begun to focus on our critical need to understand the aggregate structural and 
compositional effects of multiple, widespread disturbances of different types across forested 
regions (Ohmann et al. 2007). To that end, in this chapter, we investigate the aggregate, 
landscape-level effects of multiple disturbances on forest structure and composition across Great 
Smoky Mountains National Park (GRSM). Assessing the state of our study area’s mix of old-
growth and successional forests with respect to a range of natural and anthropogenic disturbance 
histories may provide a valuable reference for other southern Appalachian forests that are more 
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intensively used and managed. 
Great Smoky Mountains National Park is the largest protected area in the Central 
Hardwood Region (CHR), encompassing a wide range of elevation and site conditions and 
harboring nearly the full range of southern Appalachian forest communities. The rugged 
topography, breadth of forest types, and high biodiversity in this region inspired its designation 
as a national park in 1934. While much of the park, like other areas in the southern 
Appalachians, has a history of Native American land use (Grissino-Mayer 2016, Leigh 2016, 
Greenberg et al. 2016), European settlement, and logging, approximately 20 % of the park was 
free of direct human activities (i.e., logging, settlement, and herded livestock grazing) at the time 
of park creation. Since 1934, the entire park has been protected from further direct uses other 
than small areas used for recreation. Despite protection, however, multiple indirect, diffuse 
anthropogenic disturbances or changes in disturbance regime—including exotic pest 
introductions, reduced fire frequency, atmospheric deposition, and changes in herbivory—have 
continued to impact nearly all GRSM forests. Fortunately, the National Park Service hired 
forester Frank Miller to conduct a park-wide vegetation survey in the 1930s; this detailed survey 
of forest structure and composition at the time of park formation provides a rare snapshot of 
landscape-level variation in forests both disturbed and undisturbed by humans. We expect the 
state of ‘undisturbed’ forests at that time to lie within the natural, historic range of variation for 
GRSM forest structure and composition, thereby representing an important reference for 
comparison to present-day forests. Likewise, areas impacted by pre-park human activities 
represent the initial conditions for forests that were subsequently protected from direct human 
use. We expect a comparison of present-day forests to these 1930s ‘bounding’ reference 
conditions to provide insights on the stability of old-growth forests, the state of widely disturbed 
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forests after approximately 75 years of succession, and the effects of ongoing disturbances 
overlaid on both historically undisturbed and disturbed forests. 
 While no subsequent studies in GRSM (including Whittaker 1956) have been as 
comprehensive as Miller’s survey (MacKenzie and White 1998), the combined wealth of middle 
to late twentieth century plot-level studies in GRSM—many of them efforts to understand and 
monitor forest dynamics with respect to disturbance—spans a range of park regions and 
environments (White and Busing 1993). Here, we compare a compilation of recent forest plot 
datasets to the Miller survey plots to assess differences in forest structure and composition, 
within and between time periods, with respect to disturbance history and dominant 
environmental gradients. Specifically, we use maps of historic anthropogenic disturbance and 
terrain variables that represent temperature and moisture gradients to ask the following 
questions: (1) how do environment and disturbance history influence the distribution of basal 
area (BA), density, and relative species composition in each time period?; (2) what is the range 
of variation in BA, density, and average tree size, as measured by quadratic mean diameter 
(QMD) (Curtis and Marshall 2000), with respect to disturbance history in each time period?; and 
(3) how does the abundance of species functional groups, defined by species’ responses to 
disturbance and environment, differ across disturbance categories and time periods? 
Study area 
Physical Environment 
 Great Smoky Mountains National Park is a 212,000-ha (2,120 km2) preserve that lies 
along the North Carolina-Tennessee border at approximately 35 °N and 83 °W (Figure 1.1). The 
topography is steep and complex, with elevation ranging from 267 to 2025 m. From low to high 
elevation, annual precipitation increases from 140 to >200 cm, the mean annual July temperature 
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decreases from 22 to 14 °C, and the mean January temperature decreases from 4 to −2 °C 
(Busing et al. 2005). Bedrock is primarily Precambrian metamorphosed sandstone, phyllite, 
schist, and shale, but one section is dominated by gneiss, granite, and schist, and there are small 
areas of limestone and related rocks. Soils are acidic and infertile and mostly consist of Ultisols 
and Inceptisols (USDA 2009). 
Vegetation 
 The forest vegetation of GRSM is a complex of broad-leaved deciduous hardwoods and 
needle-leaved evergreen conifers (Jenkins 2007) controlled by environmental gradients, soil 
conditions, and disturbance (Figure 1.1) (Greenberg et al. 2016). At low elevations, community 
composition varies along a moisture gradient controlled by topography and soil characteristics, 
from diverse, mesic cove hardwood forests (on relatively higher pH soils) and less diverse 
Eastern hemlock (Tsuga canadensis, acid cove) forests (on lower pH soils) through oak 
(Quercus)-dominated mid-slope positions to dry ridges dominated by yellow pine (Pinus 
pungens, P. rigida, P. virginiana, P. echinata) and xerophytic hardwoods. The degree of pine 
dominance on the ridges at any one time is likely controlled by fire history and outbreaks of the 
southern pine beetle (Dendroctonus frontalis) (Nowak et al. 2016). With increasing elevation, 
mesic cove hardwood and acid cove forests grade into northern hardwood forests and then, 
above about 1500 m in the central and eastern part of the park, into forests dominated by the 
needle-leaved evergreens red spruce (Picea rubens) and Fraser fir (Abies fraseri) and the 
hardwood yellow birch (Betula alleghaniensis), with the occasional occurrence of high-elevation 
‘beech gap’ (Fagus grandifolia) forests. At high elevations in the western part of the park, 
northern hardwoods dominate on north-facing and cooler landscape positions, with high-
elevation oak forests often occupying south-facing and warmer landscape positions. Historically, 
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American chestnut (Castanea dentata) was a frequent dominant or subdominant in all of these 
forests except for the highest elevation spruce-fir forests. 
Natural disturbance 
Both before and after federal protection in 1934, the landscape of GRSM experienced a 
wide variety of natural and anthropogenic disturbances, which collectively affected all parts of 
the landscape (Harmon et al. 1983). However, these disturbances varied widely in frequency, 
size, and magnitude. In this and the following section, we briefly review natural and 
anthropogenic disturbances, with special reference to disturbances that cause tree mortality, thus 
causing structural and compositional variation and initiating successional dynamics, and those 
disturbances that can be mapped or otherwise quantified at the landscape scale. 
Natural disturbances that cause the mortality of dominant trees and produce abrupt and 
discrete change in GRSM ecosystems include windstorms, fire, insect damage (most notably the 
southern pine beetle), ice storms, debris slides, and flood scour (Oak et al. 2016, Nowak et al. 
2016, Peterson et al. 2016, Grissino-Mayer 2016, Lafon 2016, Leigh 2016, Wooten et al. 2016). 
The most common form of natural disturbance in park forests consists of small canopy gaps 
where individual trees have succumbed to wind, ice, insects, fungi, or drought (White et al. 1985, 
Runkle and Yetter 1987, Elliott and Swank 1994, Hart 2016, Oak et al. 2016). Of these, we know 
most about the gap dynamics in mesic forests (specifically cove and spruce-fir forests). Although 
there are instances of disturbance from tornadoes and tropical depressions in the park (Peterson 
et al. 2016), most windstorm damage consists of patches of relatively small blowdowns, ranging 
from several to perhaps 1–25 tree stems (Runkle 1985, Busing 1993, Busing and White 1993). 
These patches are scattered (at any one time) across the park’s landscape and have occurred with 
a frequency of about 0.5–3 % of the canopy stems per year (Runkle 1985, Busing 1993). These 
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disturbances have been studied at the stand scale but have not been mapped for GRSM at the 
landscape scale. 
The second most important type of natural disturbance in the park is lightning-ignited fire 
and its interaction with mortality to mature pine caused by the southern pine beetle, a native 
insect (Barden and Woods 1976, Harmon 1982, Cohen et al. 2007, Flatley et al. 2013). Evidence 
of pre-park fires can be derived from fire scars (Harmon 1982, Flatley et al. 2013), charcoal 
(Welch 1999), and the structural and compositional characteristics of current stands (Harrod et 
al. 2000). However, understanding the spatial and temporal patterns of historical lightning fire in 
the park is complicated by centuries of overlay with pre-park fires set both by Native Americans 
and later European settlers (Barden and Woods 1976, Fowler and Konopik 2007). Since park 
establishment, lightning-ignited fires have exhibited a pattern of increasing frequency from 
wetter to drier sites along topographic gradients and decreasing frequency with elevation, 
particularly above 1,220 m (1940–1979) (Harmon 1981). These fires have tended to be warm-
season fires (Harmon 1981, Cohen et al. 2007) and, unsuppressed, tend to burn over larger areas 
and for longer periods of time than suppressed fires (Cohen et al. 2007). Cohen et al. (2007) 
reported 140 lightning-ignited fires (128 suppressed, 12 unsuppressed) for GRSM between 1940 
and 2006, or approximately 2.1 fires per year. Mean (±SE) annual number of lightning-ignited 
fires in the surrounding National Forests of the Blue Ridge Mountains ecoregion ranges from 2.0 
± 0.3 to 4.2 ± 0.7 per 2,000 km2 (1970–2013) (Greenberg et al. 2016). 
Other natural disturbances are sometimes intense but are spatially less extensive. Ice 
storms are a phenomenon of middle to high elevations, usually causing damage to tree crowns 
and occasionally resulting in treefall (Lafon 2006, Butler et al. 2014, Lafon 2016). Like 
windstorms, these disturbances are not easily mapped. Intense rainstorms cause debris slides at 
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high elevations and flood scour along stream channels. Debris slides occur where topography 
causes water to funnel into the steep headwaters of streams, and the sudden downslope fall of 
soils and vegetation leaves open bedrock behind (Clark 1987, Wooten 2016). Downstream, 
stormwater and flood-borne debris often scour the sides of the rocky stream channels (Leigh 
2016). Debris slides and flood scour are intense but spatially restricted in the park landscape, 
affecting a very small percentage of park vegetation. Debris slides are documented in the park’s 
surficial geology map (USDA 2009), and effects of stream scour are documented indirectly in 
the GRSM vegetation classification (Madden et al. 2004) by yellow birch-dominated forests 
along streams. 
Anthropogenic disturbance 
 Before European settlement of the southern Appalachians, Native American villages 
were located in major valleys and floodplains, and human activities on surrounding mountain 
slopes likely consisted of hunting and gathering on upper slopes and ridgetops as well as 
intentional use of fire in particular topographic settings (Delcourt and Delcourt 1997). 
Concentrated European settlement occurred between the late 1700s and 1930 and was generally 
restricted to low-elevation (below 750 m), productive valley-flat sites and adjacent forest areas 
(Pyle 1988). Diffuse settlement and related human activities, such as early-style logging, 
gathering, livestock grazing, and use of low-intensity fire, extended to the areas surrounding 
concentrated settlement and were pervasive in the western end of the park (Pyle 1985). Livestock 
grazing, especially for the hard mast in the late summer and fall, occurred in pastures and forests 
around settlements. Livestock was also often taken to high-elevation summer pasture on grassy 
balds (Pyle 1985). 
In the early to mid-1800s, logging was not mechanized and targeted only the most 
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valuable species and sizes of trees (not the largest, not the smallest) (Pyle 1985). Logging 
companies soon began buying larger tracts of land, however, and built large logging camps and 
railroad lines, so that between about 1880 and 1930, corporate logging was a major disturbance 
to the park landscape, sometimes affecting entire watersheds and usually less selective in terms 
of species and tree sizes. Slash fires sometimes followed logging, and on some sites, these fires 
combined with soil erosion after rainstorms, causing delayed or absent regeneration of forests 
(some sites remain without a continuous forest cover 90 years after logging). 
Park establishment ended the human-set fires of settlement and logging. The fire regime 
since 1934 has been dominated by arson and accidental fire with some lightning fire as well 
(Harmon 1981). However, reduction of human-set fires related to settlement and suppression of 
both human- and lightning-ignited fires has likely reduced fire frequency (Harmon 1982, Flatley 
et al. 2013) and extent (Cohen et al. 2007) in historically fire-maintained areas of the park. 
Between 1940 and 1979, the mean (±SD) annual number of human-set fires in GRSM was 13.3 ± 
10.02 (Harmon 1981). These fires tended to originate in more mesic areas and at lower 
elevations than lightning-ignited fires during the same period, and human-set fire frequency 
peaked in April and November (Harmon 1981). Similarly, for 1930–2003, Flatley et al. (2011) 
found a mean (±SD) annual number of anthropogenic fires of 5.5 (4.9) per 1000 km2 
(approximately half the area of the park). Although these fires may be more likely to originate in 
more mesic areas, Flatley et al. (2011) found no significant relationship between slope position 
and percent of total area burned. Mean (±SE) annual number of human-set fires in the 
surrounding National Forests of the Blue Ridge ecoregion ranges from 16.1 ± 1.5 to 73.2 ± 7.8 
per 2,000 km2 (1970– 2013) (Greenberg et al. 2016). Wildland fire use policy and prescribed 
fires have been introduced to the park during the last two decades (Cohen et al. 2007). 
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About 20 % of the park area has no history of direct anthropogenic disturbance (Pyle 1985, 
1988). However, during the twentieth century, the remnants of undisturbed stands have been 
impacted by a wide range of human-mediated disturbances that have caused major canopy 
disturbance, including exotic pest introductions and air pollution (acid and nitrogen deposition, 
ozone). In terms of dominant tree cover, the effects of four exotic pest species have been 
particularly dramatic: chestnut blight (Cryphonectria parasitica) (1920s to the present, with most 
dominant trees affected by the 1930s and dead by the 1950s) (Woods and Shanks 1959), balsam 
woolly adelgid (Adelges piceae) (1960s to the present, with most Fraser fir populations 
drastically impacted by 1990) (Eagar 1984), beech bark disease (an insect-fungus disease 
complex initiated by Cryptococcus fagisuga) (late 1980s to the present, with high mortality of 
mature American beech trees) (Vandermast 2005, Taylor 2012), hemlock woolly adelgid 
(Adelges tsugae) (early 2000s to the present) (Roberts et al. 2009, Onken and Reardon 2010, 
Krapfl et al. 2011), and European wild boar (Sus scrofa) (rooting impacts concentrated in mesic 
forests and floodplains) (Bratton 1975). Air pollution mostly affects tree growth rates and not 
mortality (e.g., Johnson et al. 1992). Deposition of nitrogen and sulfur compounds through acid 
rain and fog increases with elevation and cloud exposure and therefore probably has greatest 
impact on forests of the highest elevations (Aneja et al. 1992). Air quality regulation greatly 
lowered sulfur deposition by the 1990s. Near-ground ozone exposure affects species susceptible 
to leaf damage, such as yellow buckeye (Aesculus flava) and black cherry (Prunus serotina) 
(Chappelka et al. 1999). 
Data and methods 
1930s forest plots 
 From 1934 to 1938, Frank Miller led a park-wide vegetation survey to map and classify 
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the park’s forest types. As the central focus of this effort, vegetation was sampled in 1378 plots 
in a grid across the entire park, although some watersheds were sampled more or less intensively 
than others. Some areas in the southwestern part of the park were not sampled because they were 
outside the proposed park boundary at that time. In each rectangular plot of 1 × 2 chains (20.12 
m × 40.23 m), all live and dead trees greater than 4 in. (10.16 cm) in diameter at breast height 
(dbh) were identified to species, recorded as live or dead, and tallied in four size classes 
(converted to metric here): 10.16 to <30.48 cm, 30.48 to <60.96 cm, 60.96 to <91.44 cm, and 
≥91.44 cm. Site environmental variables were recorded in the field, including but not limited to 
topographic variables such as elevation, slope steepness, and slope aspect. Surveyors noted 
whether or not plots had been burned or cut over, recording the known or estimated date of last 
burn or logging where possible. Plot locations were described on the data sheets, marked with an 
X on USGS topographic quadrangle maps, and later verified by Miller and his surveyors. In the 
1980s, personnel at the Uplands Field Research Laboratory (UFRL) of GRSM digitized the plot 
data and transferred the plot locations by hand onto modern USGS topographic quadrangle maps. 
UFRL personnel annotated the digital dataset with calculations of live and dead BA (m2 per ha, 
based on geometric mean diameter for each size class) and density (stems per ha) for each 
species in each plot (see MacKenzie and White 1998 for further description of the Miller plot 
data). In 2004, Tuttle digitized the plot locations and, more recently, matched these locations to 
the plot data and performed extensive data cleaning, including assessing the accuracy of plot 
locations using the field data and GIS. 
The Miller plot data have been described or used in several previous studies. MacKenzie 
and White (1998) summarized the Miller data for all plots with BA ≥8 and ≤110 m2 per ha (950 
plots) and classified the data into community types using two-way indicator species analysis, a 
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hierarchical divisive clustering method. 
Busing et al. (1993) summarized the composition and structure of the northern 
hardwood—spruce-fir ecotone in the 1930s using a subset of the Miller plots. Although the 
Miller plots were not permanently marked, several studies have compared subsets of the Miller 
data to more recent, comparable plot samples to investigate change over time for specific 
geographic regions, portions of environmental gradients, or forest types in GRSM (Walker 1978, 
Harrod 1999, Knebel 1999, Vandermast 2005, Tuttle 2007). Our study is the first to attempt a 
park-wide comparison of the Miller data to more recent datasets. Because we were interested in 
variation across types of disturbance, we selected all plots matched to a location and with at least 
one recorded tree ≥10 cm dbh for our study (1,284 plots). We excluded two plots that were 
extreme outliers in our initial analyses, yielding 1,282 plots for comparison. The Miller plot data 
reflect the standing-dead American chestnut trees on the landscape at that time; chestnut blight 
was in progress, but live American chestnut trees still dominated the landscape. In this study, we 
treated all standing-dead American chestnut trees as live, to obtain a better estimate of the true 
dominance of this species in historic GRSM forests. As a result, any early responses to chestnut 
blight that had begun may create some inflation of BA or density in our results. However, upon 
reviewing the history of the progression of chestnut blight in GRSM (Woods and Shanks 1959), 
we believe that any such initial responses would have minimal effect on our results. 
The 1990s-2000s forest plots 
 Using lists or databases of GRSM forest datasets compiled by White and Busing (1993), 
Fridley (unpublished database), and GRSM personnel, we identified all plot-based datasets that 
included stem diameter and identification of species for individual trees. Of the stem data that we 
obtained, representing a variety of research and monitoring studies between the 1960s and 2010, 
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we selected plots from the 1990s and 2000s to maximize time since the 1930s as well as 
coverage across the park. Most datasets include field environmental data collected for each plot, 
including topographic variables such as elevation, slope steepness, and slope aspect. After data 
cleaning, including assessing the accuracy of plot locations using field data and GIS, we 
developed a compilation of 490 plots for comparison to the Miller data. These plots occur in 17 
out of 22 park watersheds, but the majority of plots are concentrated in three areas: the Abrams 
Creek watershed on the western end of the park, the Cataloochee Creek watershed on the 
southeastern end of the park, and the high-elevation spruce-fir zone in the central portion of the 
park. Most plot sizes in our compilation are 20 m × 50 m or 20 m × 40 m (similar in size to the 
Miller plots), with the exception of 20 m × 20 m plots in the spruce-fir zone and a few larger 
plots scattered elsewhere. We limited our compilation dataset to trees ≥10 cm dbh to match the 
Miller data, and we calculated BA (m2 per ha) and density (stems per ha) for each tree species in 
each plot. 
Disturbance history and environment 
 We used several pre-existing, spatially referenced datasets of GRSM land use and fire 
history to assign anthropogenic disturbance and fire history categories to each plot in our two 
datasets. Miller’s final vegetation maps, which were recently digitized and georeferenced by 
GRSM personnel, show areas that were cut or burned, as determined by synthesis of his 
extensive vegetation survey data as well as historical records of logging, land-use, and forest 
conditions. Pyle (1985, 1988) extensively researched, compiled, and mapped records of pre-park 
anthropogenic disturbance (mostly by Europeans) in several categories, including corporate 
logging, concentrated settlement, livestock grazing, diffuse disturbance (regions with small, 
scattered areas of settlement, cutting, grazing, or fire), and areas with no known or recorded 
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anthropogenic disturbance (hereafter referred to as undisturbed, although these plots would have 
been subject to natural disturbance). Pyle (1985) also compiled and mapped records of pre-park 
fire, largely consisting of post-logging slash fires but also areas with records or evidence of 
diffuse, smaller fires. Pyle’s compilation included evidence of cutting or fire recorded on the 
Miller plot data sheets and on Miller’s final park vegetation maps. Miller’s final vegetation maps 
show additional areas of cutting or burning not included in Pyle’s generalization. A GIS layer of 
disturbance history similar to Pyle’s maps exists in the GRSM geospatial database, but it differs 
from Pyle’s maps in important ways, and the layer is currently of unknown provenance. We 
scanned and georeferenced maps from Pyle (1985) and used both these maps and the digitized 
Miller maps as a guide to reclassify or modify polygons in the GIS disturbance history layer to 
match Pyle’s maps and categories (Figure 1.2). We combined several fire history datasets for 
GRSM into a GIS layer of all known, mapped areas of burn before park establishment (Figure 
1.2), including evidence of prior burn from the 1930s plot data sheets, burned polygons from the 
digitized Miller vegetation map and the GRSM fire history layer, and burned areas from Pyle’s 
maps (Pyle 1985). 
Whittaker (1956), in his classic work describing vegetation- and species-environment 
relationships in GRSM, identified two dominant environmental gradients controlled by 
topography: elevation as a surrogate for temperature and moisture and topographic position, 
shape, and exposure as factors affecting moisture availability. Digital terrain variables derived 
from digital elevation models (DEMs) are now widely used to represent regional, watershed, and 
local topographic controls on microclimate and water drainage (Moore et al. 1991, Fridley 2009), 
and many studies of southern Appalachian forests have quantified the relationship between 
terrain variables and forest structure and composition (e.g., Bolstad et al. 1998, Simon et al. 
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2005). These variables often overlap in their representations of microclimate and soil water 
balance and differ in the extent to which they isolate or integrate the effects of particular 
microclimatic or hydrologic processes; as a result, terrain variables are often correlated, and sets 
of multiple, sometimes interacting terrain variables often best represent the aggregate 
topographic effects on site conditions in vegetation models (e.g., Simon et al. 2005). 
For this study, we assembled a set of terrain variables from a combination of field data 
and data layers developed by GRSM personnel and derived originally from a hybrid LiDAR- 
(primarily) and National Elevation Dataset-based, 3-m-resolution DEM. Terrain variables 
considered in our analyses include elevation; slope aspect, steepness, and curvature; potential 
annual solar radiation (RAD) (in watt-hours per m2); topographic wetness index (TWI) (Beven 
and Kirkby 1979, Moore et al. 1991); topographic position index (TPI) (Weiss 2001); terrain 
shape index (TSI) (McNab 1989, Bolstad et al. 1998); and landform index (LFI) (McNab 1993). 
Topographic wetness index represents relative moisture drainage at a site as a function of 
upslope contributing area (drainage input) and local slope steepness (drainage output); higher 
values of TWI imply greater relative moisture balance. Topographic position index represents 
relative slope position as the difference between a site’s elevation and the mean elevation of 
surrounding sites; negative values imply lower slope or valley-bottom positions, positive values 
imply upper slope or ridgetop positions, and values near zero imply flat or midslope positions. 
Terrain shape index represents local land surface shape (surface curvature gradient) as the mean 
slope gradient between the center of the plot and the plot boundary; low and high values 
correspond to concave and convex sites, respectively. Landform index is the average of the 
horizon angle in eight directions and ostensibly integrates several topographic factors that affect 
water and air drainage as well as exposure to (or shelter from) radiation and winds; negative or 
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low values correspond to ridgetop positions that are not surrounded by higher ridges, and high 
values correspond to valley-bottom positions surrounded by steep slopes. 
For slope steepness and aspect, we used values from field data where available. For 
missing field values and for all other terrain variables besides LFI, we extracted values for each 
plot location from 10-m (elevation) or 30-m (all others) spatial grids derived by GRSM 
personnel from the original 3-m LiDAR DEM. We used the Whitebox Geospatial Analysis Tools 
software (Lindsay 2012) to derive LFI from the LiDAR-derived 30-m DEM. For several of these 
DEM-derived variables, values extracted from the 30-m layers performed better in our 
preliminary analyses than 10-m values (where available or where separately derived by us). In 
addition, we reasoned that values derived from the fine-scale LiDAR DEM but rescaled or 
resampled to 30-m resolution more accurately represented average site conditions for the plot 
sizes in our dataset, most of which measured 20 m × 40 m or 20 m × 50 m. For LFI, the longer 
computation time for derivation from a 3-m or 10-m DEM was prohibitive and would have 
provided little benefit over the 30-m version for this variable based on watershed-level 
topography. 
Data set matching 
Because the 1990s–2000s plots were concentrated in three areas of the park and 
originated from different site selection strategies, differences in the spatial and topographic 
distributions of the two datasets could bias our comparisons. To avoid spurious comparisons, we 
used Optmatch, an optimal matching approach developed for comparative observational studies 
(Hansen and Klopfer 2006), to match the 1930s plots (‘controls’) to 1990s–2000s plots 
(‘treatment’). Optmatch finds an optimal matching solution for two datasets by minimizing 
multivariate distances between plots based on user-specified matching criteria. Previous 
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vegetation studies in GRSM and preliminary statistical modeling of our datasets indicated that 
anthropogenic disturbance history, elevation, LFI, TPI, RAD, and park region were important 
predictors of forest structure and composition. We categorized the park into geographic regions 
similar in climatic, geologic, and topographic setting, approximately representing northwest, 
southwest, northeast, and southeast quadrants, with the highest elevations in the central and 
eastern part of the park combined as a single region. We then limited valid matches to plots 
within the same region, disturbance history category, elevation class (<600 m, 600–900 m, 900–
1,200 m, 1,200–1,600 m, and >1,600 m), and LFI class (<9.5, 9.5–16.5, and >16.5). We specified 
elevation (<100-m difference between plots), LFI, TPI, and RAD as matching criteria, selected 
Mahalanobis distance as the metric to optimize, and specified a matching ratio for number of 
1930s plots matched to 1990s–2000s plots, to further exclude poor  matches  resulting  from  the  
large  number  of  1930s  plots  relative  to  the 1990s–2000s plots. A matching ratio of ≤3:1 
produced the best combination of matching and sample size, yielding 529 plots from the 1930s 
and 460 plots from the 1990s–2000s for comparison. Box plots used to compare the distribution 
of the matched datasets on the continuous matching criteria (elevation, LFI, TPI, and RAD) 
indicated that the datasets were well matched within combinations of elevation and LFI classes 
(environmental/topographic ‘zip codes’) (Dean Urban pers. comm., Jobe 2006), with slight 
offsets of distribution for some variables in three infrequently sampled zip codes with low 
abundance on the landscape; low sample sizes did not permit further improvement of these 
matches. 
Statistical modeling of structure and composition 
To evaluate differences in the drivers of forest structure between the two time periods, we 
modeled BA and density for the full, unmatched dataset in each time period as a function of 
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disturbance history category, topography, and pre-park fire. Exploratory generalized additive 
models (GAM) of BA and density for each time period revealed that some predictors, 
particularly elevation, exhibited a nonlinear relationship with BA or density; however, once 
significant interactions between predictors were taken into account, relationships with individual 
predictors were (approximately) linear, and we subsequently used linear regression. For 
disturbance history categories, we chose to perform contrasts against the most disturbed 
category, which we hypothesized to be corporate logging, to highlight significant differences 
between disturbance categories that might not be apparent if all disturbance categories were 
contrasted against undisturbed. Model selection was guided by forward and backward stepwise 
selection by AIC. Because our models are not intended for prediction, we compared the final 
models in terms of overall variance explained as well as the identity, sign, and relative 
importance of significant predictor variables. Relative importance for predictors in each model 
was calculated using the Lindeman, Merenda, and Gold (LMG) variance decomposition method 
available in the relaimpo package for R statistical software (Groemping 2007, R Core Team 
2014). 
We used adonis in the R package vegan (Oksanen et al. 2013) to model multivariate, 
distance-based differences in species composition between plots in each time period, again using 
the full, unmatched dataset, as a function of disturbance history, fire, and topographic gradients. 
Adonis is a method for permutational multivariate analysis of variance using distance matrices 
that allows the use of semimetric distance matrices, such as those commonly used in ecological 
studies (Anderson 2001). To attempt to isolate tree species composition from structure, we used 
Bray-Curtis dissimilarity of plots based on species’ relative BA within plots as our distance 
measure. Because adonis can identify significant relationships resulting from difference in either 
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location (mean) or dispersion (variance), we used betadisper in the Vegan package (Oksanen et 
al. 2013) to check for multivariate homogeneity of multivariate dispersion among groups in the 
datasets (Anderson 2006). This procedure confirmed that the significant predictors in our models 
reflected differences in location rather than dispersion. Differences in the overall drivers of forest 
composition between time periods were evaluated by comparing the final adonis models in terms 
of the identity and importance of significant predictor variables. 
Comparisons of structure and functional composition by disturbance history 
To determine the overall effects of pre-park and ongoing anthropogenic disturbance on forest 
structure, we calculated mean and coefficient of variation (CV) for BA, density, and QMD in 
each time period for the following groups: all plots, undisturbed plots, disturbed plots, and plots 
in each disturbance history category, excluding categories with sample size ≤10. We compared 
these metrics for unmatched and matched datasets to assess the effects of matching on results 
and interpretation. However, further analyses were based on comparison of the matched datasets 
to minimize the influence of regional and topographic biases in the 1990s–2000s dataset on our 
results. Histograms of BA, density, and QMD for disturbed and undisturbed subsets of the 
matched datasets were used to compare the landscape distribution of structural characteristics in 
these samples. Finally, we evaluated the effects of disturbance on functional composition by first 
categorizing species into functional groups (Table 1.1) and then plotting mean and standard error 
of BA for each functional group in each disturbance history category. Species were assigned to 
functional groups based on disturbance-related functional characteristics described in the 
literature (USDA 2014, Burns and Honkala 1990, Ninemets and Valladares 2006, Wilfahrt et al. 
2016), such as shade tolerance, drought tolerance, fire sensitivity or response, reproduction 




Influence of disturbance history and environment on structure and composition 
 Topography, anthropogenic disturbance history, and pre-park fire explain between 
12.6 % and 24.8 % (adjusted R2 11.5–24.3 %) of the variance in density and BA across the two 
time periods (Table 1.2). Different approaches for determining relative importance of regression 
predictors can yield different results, so the LMG variance decomposition results here should be 
interpreted with caution; however, our rankings according to LMG (Table 1.2) illustrate several 
interpretable changes in the variables that best explain how GRSM forests are structured. 
Disturbance category and elevation were the most important predictors of both BA and 
density in the 1930s (Table 1.2). The least disturbed areas (diffuse disturbance and undisturbed) 
have higher BA and density than the highly disturbed areas (corporate logging and settlement) 
with widespread clearing in various stages of regrowth. Pre-park fire and topography are also 
important predictors of 1930s BA and density. In the 1990s–2000s, disturbance category remains 
important but ranks lower as a predictor of vegetation structure (Table 1.2). Basal area remains 
higher for the least disturbed areas, and settlement areas have accumulated significantly more BA 
than areas of corporate logging. Elevation and topography, particularly LFI, are relatively more 
important predictors of BA than disturbance for the 1990s–2000s. Density of the least disturbed 
areas also remains significantly different from corporate logging areas in the 1990s–2000s. 
However, the sign of this relationship has reversed from the 1930s, with highly disturbed areas 
exhibiting a greater abundance of stems. Elevation is no longer an important predictor of density 
for the 1990s–2000s, and the relationship of topography to density in the 1990s–2000s appears 




Adonis models of compositional dissimilarity reveal differences between time periods 
similar to those for BA and density (Table 1.3). While disturbance categories and pre-park fire 
are significant predictors in both time periods, the relative importance of pre-park fire in 
structuring composition decreases in the 1990s–2000s. Not surprisingly, elevation, the dominant 
environmental gradient in the park, is the most important predictor of composition for both time 
periods, and elevation more strongly determines the composition in the 1990s–2000s than in the 
1930s. While disturbance category and fire are more important than individual topographic 
variables in the 1930s model, topographic variables emerge as equally important predictors in the 
1990s–2000s model. Overall, the variance explained for compositional dissimilarity nearly 
doubles from the 1930s to the 1990s–2000s. 
Effects of disturbance history on structural range of variation 
Interestingly, the results for the matched datasets (Table 1.4b) are strikingly similar to the 
results with no matching (Table 1.4a), and we limit our discussion to results for the matched 
datasets (Table 1.4b). Mean BA for undisturbed plots shows little difference between the two 
time periods. In all disturbance categories, mean BA has increased from the 1930s to the 1990s–
2000s, approaching the value for undisturbed plots. The highly disturbed areas show the greatest 
increases in mean BA, nearly doubling for corporate logging and more than tripling for 
settlement areas. Similarly, mean density has increased for all disturbance categories, nearly 
doubling for diffuse disturbance and more than doubling for corporate logging and settlement 
areas. Mean density in all disturbance categories has surpassed undisturbed mean density for 
both 1930s and 1990s–2000s, by 40.7–66.8 % and 12.2–25%, respectively. In contrast to BA, 
mean density for undisturbed plots has increased by approximately one-third. Mean QMD is 
similar across time periods for all disturbance categories, with the exception of an increase of 3.9 
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cm for settlement. For undisturbed plots, mean QMD shows a notable decrease of 5.6 cm. 
Combining these structural characteristics yields four structural groups with, on average: (1) high 
BA, moderate density, and high QMD (1930s undisturbed); (2) low BA, low density, and low 
QMD (1930s disturbed); (3) high BA, high density, and moderate QMD (1990s–2000s 
undisturbed); and (4) moderate BA, high density, and low QMD (1990s–2000s disturbed). 
Variation around mean BA and density, as represented by CV, shows marked differences across 
time periods and between disturbed and undisturbed categories (Table 1.4b). These differences 
are best understood by examining histograms of plot BA, density, and QMD for disturbed and 
undisturbed categories in each time period (Figure 1.3). Basal area for 1930s undisturbed plots 
(Figure 1.3a) exhibits a broad peak in the 10–60 m2 per ha range with few plots <10 m2 per ha 
and positive skew with a long tail of high-BA plots, up to nearly 190 m2 per ha. The 1930s 
undisturbed density distribution (Figure 1.3a) exhibits a narrow peak between 100 and 300 stems 
per ha with few plots <100 stems per ha and again positively skewed with scattered high-density 
plots up to nearly 3,100 stems per ha. The moderate and high CV for BA and density, 
respectively, reflects the scale, location, and positive skew of these distributions. Quadratic mean 
diameter for 1930s undisturbed plots (Figure 1.3a) shows a unimodal, nearly symmetric 
distribution around a high mean QMD of 40.1 cm, with infrequent high QMD values up to 80 
cm. However, while the 1990s–2000s undisturbed distributions are roughly similar in location 
(Figure 1.3b), both BA and density distributions show changes in scale (broader peaks), less 
positive skew for BA with contraction of the higher BA plots, and some contraction of extreme 
high-density values but overall expansion of high-density plots. The corresponding QMD 
distribution is slightly positively skewed with a shift toward a lower mean QMD and a smaller 
range reflecting contraction of high-QMD plots. 
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  For disturbed plots, the 1930s distributions exhibit narrow peaks of BA and density 
concentrated in the lowest classes and very few extreme high values; QMD is likewise positively 
skewed with a low mean (Figure 1.3d). Of note, the 1930s disturbed density distribution is 
similar to the 1930s undisturbed distribution, although with a narrower peak that is more 
concentrated at lower densities; however, the strikingly different BA and QMD distributions 
paired with these similar density distributions sharply differentiate the two categories. In 
comparison to the 1930s disturbed plots, the 1990s–2000s disturbed BA distribution (Figure 
1.3c) exhibits a shift to a higher mean, and the BA peak remains narrow with positive skew. The 
density distribution has shifted to a broad peak at a higher mean that surpasses the 1930s 
undisturbed mean. The QMD distribution shows no change in mean from the 1930s and marked 
narrowing of the peak, with reductions in frequency of both low- and high-QMD plots. 
Effects of disturbance history on functional composition 
Mean BA is low for all species groups across the disturbed categories and for several 
species groups at their elevational limits in the predominantly high-elevation undisturbed 
category (Figure 1.4). American chestnut still dominated the 1930s landscape (although much of 
it was already standing dead); mean BA for this single species was comparable to mean BA for 
functional groups made up of several species. In contrast, American chestnut is essentially absent 
from all categories in the 1990s–2000s dataset. In the undisturbed category, all species groups 
other than American chestnut exhibit no significant difference in mean BA. 
The shade-tolerant species group increased significantly in mean BA for all disturbed 
categories, with the largest increase and dominance over other species groups in corporate 
logging areas as well as dominance in diffuse disturbance areas (Figure 1.4). Vigorous 
disturbance responders increased dramatically in all disturbed categories and as a group are 
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dominant or codominant in settlement and diffuse disturbance areas. Moderate disturbance 
responders increased and became a dominant species group in corporate logging areas. Average 
increases of this group in diffuse disturbance and settlement areas are moderate to low compared 
to increases for other species groups. Oaks as a group did not decrease in any category and 
increased significantly in diffuse disturbance and settlement areas. Slow-growing, drought-
tolerant species dominated by hickory (Carya) species did increase in areas of diffuse 
disturbance and settlement but were of low mean BA and relatively unimportant for overall 
compositional change. As a group, yellow pine species did not decrease in mean BA in any 
category and exhibited a large, significant increase in settlement areas. 
Discussion 
Overlays of disturbance and environment 
Sampling variability and variables not included in our analysis likely contribute to the 
low proportion of variance explained by the models and also complicate interpretation of model 
results. In terms of sampling variability, forests with similar environment and history will show 
variation at the scale of the plots (0.04–0.1 ha) used here. In old growth mesic hemlock-
hardwood forests, Busing and White (1993) showed that CV of total BA and density was 
dependent on plot size, decreasing to 10–15 % of means only at plot scales of 0.5 ha, and 
Whittaker (1966) found similar values for CV in old growth spruce-fir forests at the 0.5 ha scale. 
Coefficient of variation in forests dominated by smaller trees and those that are even-aged 
(owing to stand initiating disturbances) would decrease to 10–15 % at plot sizes smaller than 0.5 
ha, but it is likely that a substantial proportion of the unexplained variation in our results reflects 
expected variability among plots for the plot sizes in our samples. 
Disturbance factors not available or excluded from our analysis include natural 
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disturbance history at plot locations, time since pre-park anthropogenic disturbance, post-park 
fires, the discrete locations and types of disturbance in areas mapped as diffuse disturbance, and, 
for the 1990s–2000s models, unmapped post-park disturbances such as the decimation of 
American chestnut, American beech, and Fraser fir. In addition, the distribution of unmapped 
disturbances and unquantified severities is likely correlated with elevation and topography. For 
instance, the increase of BA and density with elevation in the 1930s may represent a range of 
factors, such as lower levels of diffuse disturbance at higher elevations or the correlation of most 
major disturbances with low elevation, rather than a true environmental gradient. Likewise, site 
topographic variables like LFI and TPI (and their interactions) as predictors of 1930s BA and 
density may represent unmapped variation in degree of disturbance from cove to ridge, such as 
preferential siting of agricultural fields and grazing areas or logging limited to accessible 
topographic positions or desirable forest types. Elevation and topography, particularly LFI, are 
relatively more important predictors of BA and density for the 1990s–2000s dataset compared to 
the 1930s dataset; once again, however, site topographic variables are likely correlated with such 
factors as fire suppression and the distribution and timeline of disturbance by exotic pests (via 
the niches of both the pests and host species). Nevertheless, the decreased importance of 
anthropogenic disturbance history (including human-set fires) combined with the increased 
importance of elevation and topography across the models for BA, density, and compositional 
dissimilarity indicates sorting of structure, species, and forest communities along environmental 
and disturbance gradients during 60–75 years of response to historic and recent disturbances. 
In summary, a complicating factor in understanding the relative roles of disturbance and 
environment is that natural and anthropogenic disturbances are not independent of the 
environmental conditions that also affect species distributions, successional trajectories, and 
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recovery times. Further, natural and historic anthropogenic disturbances overlap in spatial 
distribution in GRSM but differ in timing, severity, and extent. For instance, catastrophic 
disturbances such as clear-cut logging in the high elevations (removal of the canopy over large 
areas), are inverse to the pattern of natural disturbance (low rates of canopy turnover through 
small gaps). Patterns of post-park anthropogenic disturbances further differ from historical 
disturbances. For instance, while decimation of American chestnut, Fraser fir, and American 
beech may follow environmental gradients related to niches of the host and pest species, these 
canopy disturbances have been widespread but diffuse (compared to widespread and intense 
logging) and have occurred over a relatively short time period (compared to natural-disturbance-
related gap formation). The combined effects of widespread, major anthropogenic disturbances, 
particularly when multiple such disturbances occur on a relatively short time scale (within the 
same century or a few decades), can mask environmental gradients, including patterns along 
those gradients that were also shaped by natural disturbances. 
Overlays of disturbance before and after park establishment 
 Our results for undisturbed forest in Miller’s time represent the best estimate we have for 
structural variability in old growth, at least for forests above 900 m. Histograms for 1930s 
undisturbed plots appear to reflect a landscape dominated by natural disturbance and gap 
dynamics. In the absence of continued disturbance, we would expect the CV values and 
histograms for the 1990s–2000s undisturbed plots to be similar to results for the 1930s. 
However, while mean BA appears stable in these areas, the decrease in CVs, the increase in 
mean density, and the decrease in QMD likely reflect continued, widespread disturbance from 
several exotic pests that have removed the biggest trees and increased the number and size of 
canopy gaps on the landscape. These aggregate results for undisturbed areas should be 
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interpreted with some caution, because some sampling biases and differences in environmental 
distribution that were not corrected by our plot matching method could be generating over- or 
underestimates of difference between our matched values. Specifically, the 1990s–2000s 
undisturbed plots were biased toward the highest elevations (≥1,600 m), while the 1930s plots 
were biased toward plots between 1,200 and 1,600 m elevation. Sampling bias in the design of 
several 1990s–2000s studies (toward plots containing Eastern hemlock), particularly in the 
1,200–1,600 m range, likely biased our comparison toward higher 1990s–2000s mean BA; at the 
same time, the disproportionate number of 1990s–2000s plots ≥1,600 m likely biased our 
comparison to lower 1990s–2000s mean BA (from Fraser fir decline). Improved plot matching 
aimed at similar proportions of elevation and topographic settings across time periods would 
decrease the number of plots for comparison but could increase confidence in the aggregate 
differences between time periods. 
We expected the 1990s–2000s disturbed distributions, in the absence of continued major 
disturbance, to show recovery over approximately 75 years of succession. While BA in 
historically disturbed areas has approached values in undisturbed areas, higher density and no 
change in QMD since the 1930s likely reflect the overlay of continued disturbance and changes 
in fire regime on ongoing recovery. Specifically, where disturbances resulted in even-aged 
stands, BA is distributed among more, but smaller stems; continued disturbances have removed 
large, canopy-dominant trees; and on drier sites, decreases in fire frequency and extent have 
allowed in-fill of stems (as also reported by Harrod et al. 1998). While we might expect that 
QMD would be slow to increase with the high stem density of early to middle succession, our 
results indicate that even as some historically disturbed plots may be thinning and shifting 
toward higher QMD, continued disturbance is reducing BA and increasing density, shifting plots 
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back toward lower QMD. 
While we might use the 1930s undisturbed histograms as a reference for the 1990s–2000s 
undisturbed plots, their use as a reference for the 1990s–2000s disturbed plot distributions may 
be limited because of the paucity of known undisturbed plots in the park’s lower elevations, 
where disturbed plots are concentrated. Spatial and environmental matching of disturbed to 
undisturbed plots (where enough plots are available) would be necessary to make comparisons 
that account for differences in natural disturbance regimes (particularly fire) and species’ 
characteristics along elevation and topographic gradients. Future examination of the diffuse 
disturbance plots alone might be instructive, in comparison to other disturbed and undisturbed 
plots (where enough matching plots are available). Even though the frequency and character of 
human-set fires might have differed from the natural fire regime and levels of forest clearing 
might not be characteristic of any natural disturbances in GRSM, the diffuse nature of the 
disturbances appears to have generated an aggregate effect on structure intermediate to areas of 
more major disturbance (logging and settlement) and undisturbed areas. In addition, Pyle (1985) 
mapped areas of diffuse disturbance with ‘big trees,’ indicating even lower levels of diffuse 
disturbance in some areas. Such comparison could also help us better understand the effects of 
diffuse human activities on the landscape. 
Dominance of species functional groups: the landscape imprint of disturbance and environment 
 
The clustering of all species functional groups at low mean BA for all 1930s disturbed 
categories reflects the widespread impacts of recent disturbance on all GRSM tree species groups 
at the time of park formation. In contrast, species groups in the undisturbed category appear 
stable, despite the loss of American chestnut, decimation of Fraser fir, and decreases in American 
beech. The stability of mean BA for shade-tolerant species, which dominate the higher-elevation 
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landscapes, likely indicates that other shade-tolerant species increased in response to decreases 
caused by exotic pests. Tuttle (2007) found that red spruce, understory maples (Acer 
pensylvanicum, A. spicatum), and yellow birch all increased in the northern hardwood – spruce-
fir ecotone in conjunction with decline of Fraser fir. However, yellow birch’s species group 
(moderate disturbance responders) does not show increases in mean BA for the undisturbed 
category. In addition, both Fraser fir and American beech respond rapidly to disturbance in 
stands where they dominate, with abundant regeneration (Fraser fir) (Smith and Nicholas 2000) 
or vigorous sprouting (American beech) (Vandermast 2005). American mountain ash (Sorbus 
americana) and pin cherry (Prunus pensylvanica), both vigorous disturbance responders, 
increased in undisturbed areas in response to Fraser fir decline (Busing et al. 1988, Tuttle 2007), 
but these trees do not dominate stand BA, are short-lived, and may have already peaked in 
disturbance response. As for the structural comparisons, these aggregate compositional 
comparisons for undisturbed areas should be interpreted with some caution because of sampling 
and environmental biases between the matched plots. For instance, the possible bias of the 
1990s–2000s plots toward more Eastern hemlock and more Fraser fir could have resulted in an 
overestimate of mean BA in the shade-tolerant species group. 
Dramatic increases in vigorous disturbance responders in all disturbed categories reflect 
primarily dramatic increases in both red maple (A. rubrum) and yellow-poplar (Liriodendron 
tulipifera) as well as large increases in Eastern white pine (Pinus strobus). All three of these 
species are long-lived enough to persist in the landscape in the absence of further major 
disturbance, including fire. Red maple has a broad niche (Whittaker 1956), similar to American 
chestnut, and was already widely present in low abundance across the GRSM landscape. The 
distinct dominance of the vigorous disturbance responder group in the settlement category 
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supports observations that yellow-poplar attains high BA rapidly and dominates the canopy in 
many former settlement areas, suppressing canopy attainment by other species, particularly 
shade-tolerant species. The increase in the yellow pine group in settlement areas like reflects 
early-successional dominance of Virginia pine in some old fields. However, the similar mean BA 
of both oaks and shade-tolerant species in this category may indicate that the relatively short-
lived Virginia pine stands are declining, and slower-growing species are increasing. 
The clustering of different species groups in the diffuse disturbance category in the 
1990s–2000s dataset may reflect the diffuse, patchy nature of the disturbances as well as the 
variety of topographic settings in this category that covers large portions of the GRSM landscape 
at low and middle elevations. With a range of pre-park disturbance types, sizes, and ages, species 
across all groups will respond somewhere, according to their adaptations for regeneration or 
recovery from disturbance. Increases in this category are also likely driven by both the decline of 
American chestnut and decrease in fire frequency and extent, particularly with fire suppression 
and the removal of frequent burning by humans in the western part of the park (Pyle 1985). 
Although mean BA did not decrease for the yellow pine group in this category, this result cannot 
distinguish between the effects of any post-park fires in maintaining yellow pine stands (less 
likely) or in-fill of other species where pines persist but fire is absent (more likely); clearly, the 
fire- and dry-site-adapted yellow pines are not abundant responders to landscape recovery from 
diffuse pre-park disturbances, nor to continued disturbances such as chestnut blight. 
The corporate logging category spans a wide range of elevation, topographic settings, and 
times since disturbance; as a result, it is not surprising that a variety of species groups, 
responding to different portions of the gradient, have significantly increased in mean BA as the 
logged landscape has become reforested. While the increase in the shade-tolerant species group 
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may reflect recovery of conifers and mesic hardwoods in more mesic and higher-elevation 
logged areas, the secondary dominance of the two disturbance-responder groups in this category 
is indicative of response to widespread clear-cutting and, likely, to later disturbances such as 
chestnut blight, balsam woolly adelgid, and beech bark disease. Perhaps future analysis of co-
occurring species in each time period as well as comparison of diffuse disturbance and corporate 
logging plots to undisturbed plots that overlap in elevation and topography (where enough 
matched plots are available) could help disentangle the mix of responses to different disturbances 
and their relationship with undisturbed reference conditions. 
Differences in Eastern hemlock abundance between the 1930s and 1990s–2000s datasets 
are worthy of separate discussion. Much of the increase in the shade-tolerant species group 
across disturbed categories is accounted for by increases in Eastern hemlock mean BA (not 
shown). Eastern hemlock seems to have broadly responded with recovery and/or increases in 
response to disturbance, likely including increases from chestnut blight on more mesic sites (as 
observed in Woods and Shanks 1959) and some increases on slopes with reduced fire frequency. 
It is possible, too, that much Eastern hemlock was left on the landscape by settlers and some 
selective logging operations (Pyle 1985), fostering its increase after disturbance. Some of the 
apparent increase in this study could be an artifact of biased sampling in our 1990s–2000s 
compilation. However, Tuttle and White (2011) found that Eastern hemlock increased in relative 
frequency on the GRSM landscape from 19.26 to 25.78 % between the 1930s and 1999.  
Although mean relative abundance did not exhibit an increase in this earlier study, the 
1999 dataset used for comparison was collected along trails and therefore likely biased to 
ridgetop sites. Most, if not all, of the recent plots in this study were sampled prior to decline of 
Eastern hemlock in the park from the hemlock woolly adelgid. The observed massive decline of 
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the widespread Eastern hemlock trees in GRSM over the last several years represents yet another 
landscape-level set of canopy disturbances that will further distort the range of variation in these 
forests, even if recent treatment successes with Eastern hemlock continue. 
Conclusions 
 Our results illustrate the ways that anthropogenic disturbances can both mask and interact 
with environmental gradients to structure CHR and temperate forests. After several decades of 
succession from widespread, major disturbance in all but approximately 20 % of GRSM, 
historical anthropogenic disturbance has remained important as a predictor of forest structure and 
composition, although its importance has decreased relative to topography, and the level of 
importance differs with type of disturbance. The increased importance of topography implies 
sorting of structure and composition along environmental gradients. However, historical 
disturbances and more recent anthropogenic disturbances interact with topography and differ in 
pattern on the landscape, complicating attempts to understand how environmental gradients 
contribute to forest structure and composition across the region. 
Re-sampled plots and consistent coverage of plots across the landscape would have 
improved our modeling and comparisons. Miller’s survey plots were not permanently marked, 
making resampling and direct comparison impossible. More modern research projects have 
tended to be designed around immediate management problems limited to particular portions of 
the landscape and, as a result, have not provided consistent coverage of plots across the 
landscape. To disentangle the aggregate effects of anthropogenic disturbance, natural 
disturbance, and environment on these forests, a systematic and objective layout of permanent 
monitoring plots is needed (as has been recently initiated by GRSM personnel). Fine-scale 
models of environmental variables over time would enable structural and compositional analysis 
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that does not rely on topographic approximations of environment. We also need more specific, 
detailed maps (or models) of historic and recent disturbances, including the timeline, extent, and 
intensity of these events. Additional digitization and spatial referencing of historical disturbance 
records as well as increased field data collection and mapping with remote sensing tools, such as 
LiDAR, could improve our efforts going forward. These needs are even more pronounced on 
managed and private lands, where management activities and land use further complicate the 
picture. 
In spite of the sampling limitations, our structural comparisons of matched plots reveal 
widespread, substantial increases in density in GRSM forests, reflecting disturbance in formerly 
undisturbed areas, continued disturbance in undisturbed areas, and in-fill from the change in fire 
regime at lower elevations. While BA in disturbed areas may have begun to converge with pre-
disturbance levels, we would expect a corresponding increase in QMD as canopy tree sizes 
increase through successional time. However, the lack of increase and possible decrease in QMD 
in disturbed and historically undisturbed areas, respectively, supports the interpretation that BA 
has been reduced or inhibited from recovery in all areas by the removal of large trees by exotic 
pests, which have targeted three long-lived, shade-tolerant species having large mature stem 
diameters and/or high BA in plots where they dominated (American chestnut, Fraser fir, and 
American beech). Vigorous and moderate disturbance responder species are abundant across all 
historical disturbance categories (with the exception of low moderate disturbance responder 
abundance in historically settled areas). The net effect of these structural and compositional 
changes is a higher number of disturbed, early- to mid-successional patches, a correspondingly 
lower number of old-growth patches, and lower structural diversity on the landscape than we 
would expect for forests subject only to natural disturbances. The widespread death of Eastern 
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hemlock trees in GRSM from the hemlock woolly adelgid is not included our 1990s–2000s 
dataset, so further changes in structure beyond those observed in our results have already 
occurred. 
Structural diversity and disturbance are keys to maintaining the habitats on which 
biodiversity depends. Reintroduction of fire is important for maintaining structural diversity and 
persistence of fire-maintained species in landscapes historically structured by a natural fire 
regime. However, in forests not historically structured by fire, impeded succession and the 
ongoing, rapid loss of remaining old-growth forests historically structured by small canopy 
gaps—and the loss of the largest trees from these forests—are concerning. A long series of 
exotic pest species has altered structure and composition of eastern USA forests, and additional 
species are likely to invade, underscoring the importance of efforts to minimize further impacts 
and to develop management approaches that will allow the redevelopment of stand and 
landscape-level structural complexity consistent with old-growth forests (Franklin et al. 2002). 
While the pace of climate change in this region has been slow, future climate change will further 
affect GRSM and other CHR forests. The broad extent and significant complexity of ongoing 
and impending disturbances highlight the need for region-wide assessment of the aggregate 
effects of multiple stressors across protected, managed, and private lands. 
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Figure 1.1. Great Smoky Mountains National Park, North Carolina and Tennessee, USA, with 
topographic relief and major forest types. Vegetation classification created by the Center for 
Remote Sensing and Mapping Science (now the Center for Geospatial Research), University 






Figure 1.2. Pre-park disturbance history and fire in GRSM, based on Pyle’s compilation 
(1985), the 1930s vegetation survey, and the park’s fire history database. Irregular dots, 
including in undisturbed areas, represent locations of 1930s survey plots for which evidence of 





Figure 1.3. Histograms (%) of plot BA, density, and QMD in the matched datasets for (a) 
1930s undisturbed plots; (b) 1990s–2000s undisturbed plots; (c) 1990s–2000s disturbed plots; 
and (d) 1930s disturbed plots, arranged (top to bottom) from least anthropogenic disturbance 





Figure 1.4. Mean (±SE) BA for each species functional group in each time period, by 
disturbance history category. The herded livestock category is not shown because of low 
sample sizes. For species functional groups (see Table 10.1 for more detail), S = shade-tolerant 
and late-successional species, V= vigorous disturbance responders, M = moderate disturbance 
responders, O = all oak species, D = slow-growing, drought-tolerant species, Y= all yellow 
pine species, and C =American chestnut. American chestnut is absent in the 1990s–2000s for 






Table 1.1. Functional groups used for the tree species of GRSM. Species were assigned to groups 
based on disturbance-related functional characteristics: shade tolerance, drought tolerance, fire 
sensitivity or response, growth rate, and regeneration/recruitment strategy. 
 
Group General characteristics and list of dominant species in group 
S Late-successional and extremely shade-tolerant species of mostly mesic sites, as 
well as understory gap responders 
Slow growth rates and abundant reproduction in shady environments 
Dominant species in group: Abies fraseri, Acer pensylvanicum, A. saccharum, A. 
spicatum, Aesculus flava, Amelanchier sp., Fagus grandifolia, Ostrya virginiana, 
Picea rubens, Tilia sp., Tsuga canadensis 
V Vigorous disturbance responders 
Shade intolerant (most species) or capable of rapid, abundant response to 
disturbance in colonization, sprouting, and growth rates 
Dominant species in group: A. rubrum, Liquidambar styraciflua, Liriodendron 
tulipifera, Pinus strobus, Prunus pensylvanica, Robinia pseudoacacia, Sassafras 
albidum, Sorbus americana, Fraxinus americana 
M Moderate disturbance responders 
Intermediate shade tolerance, abundant response to disturbance 
Dominant species in group: Betula alleghaniensis, B. lenta, Halesia tetraptera, 
Magnolia acuminata, M. fraseri, P. serotina 
O All oak species 
Drought tolerant, intermediate shade tolerance, slow dispersal and growth, 
sprouting after disturbance 
Dominant species in group: Quercus alba, Q. coccinea, Q. montana, Q. rubra, Q. 
velutina 
D Slow-growing, drought-tolerant species 
Intermediate shade tolerance 
Dominant species in group: Carya cordiformis, C. glabra, C. tomentosa, Nyssa 
sylvatica, Oxydendrum arboreum 
Y All yellow pine species 
Shade intolerant, extremely drought tolerant, strong responders to large 
canopy disturbance or intense fire if a seed source is nearby 
Dominant species in group: P. echinata, P. pungens, P. rigida, P. virginiana 
C Castanea dentata 
Similarities in niche and functional traits to oak species as well as 
disturbance responders such as A. rubrum 
Placed in its own group because of its former wide dominance on the landscape 





Table 1.2. Significant predictors, sign of relationship, and relative importance (LMG variance 
decomposition) of predictors for linear regression models of BA and density, for the unmatched 
datasets. For disturbance classes, contrasts were performed against corporate logging. For pre-





























  0.154   0.028   0.037   0.041 
+   +   +   −   
Undisturbed +   +   +   −   
Settlement     +           
Pre-park fire (1) − 0.020     − 0.011     
Elevation (m) + 0.067 − 0.013 + 0.037     
LFI − 0.001 − 0.049 + 0.012 − 0.041 
TPI − 0.005 − 0.013     + 0.043 
TWI     + 0.010 + 0.004     
TSI     + 0.015         
RAD         − 0.004     
Elevation x LFI     + 0.029         
Elevation x TPI     + 0.009         
LFI x TPI + 0.002             
LFI x TWI         − 0.024     
Total R2   0.248   0.168   0.128   0.126 





Table 1.3. Adonis model results for the unmatched datasets using relative BA, for (a) the 1930s 
dataset and (b) the 1990s–2000s dataset. 
 
 Df Sum of squares Mean square F R2 Sig. 
(a) 
Elevation (m) 1 32.63 32.63 95.50 0.064 0.01** 
Disturbance 
history class 
6 13.73 2.29 6.70 0.027 0.01** 
Pre-park fire 1 9.38 9.39 27.47 0.019 0.01** 
LFIa 1 7.68 7.68 22.48 0.015 0.01** 
TPIb 1 4.48 4.48 13.12 0.009 0.01** 
RADc 1 2.33 2.33 6.81 0.005 0.01** 
LFI x TPI 1 1.86 1.86 5.44 0.004 0.01** 
TPI x RAD 1 0.59 0.59 1.73 0.001 0.06. 
Residuals 1,268 433.25 0.34  0.856  
Total 1,281 505.94   1  
(b) 
Elevation (m) 1 35.70 35.70 127.39 0.186 0.01** 
Disturbance 
history class 
6 8.30 1.38 4.94 0.043 0.01** 
Pre-park fire 1 2.24 2.24 8.01 0.012 0.01** 
LFIa 1 6.11 6.11 21.81 0.032 0.01** 
TPIb 1 2.36 2.36 8.43 0.012 0.01** 
RADc 1 1.84 1.84 6.55 0.010 0.01** 
TWId 1 0.24 0.24 0.84 0.001 0.59 
LFI × TPI 1 0.60 0.60 2.15 0.003 0.02* 
LFI × RAD 1 0.74 0.74 2.63 0.004 0.01** 
LFI × TWI 1 0.67 0.67 2.37 0.003 0.05* 
Residuals 474 132.83 0.28  0.693  
Total 489 191.62   1  
aLandform index 
bTopographic position index  
cPotential annual solar radiation  
dTopographic wetness index 
































































































































































CHAPTER 2: A REGIONAL EMPIRICAL MODEL OF FINE-SCALE 
SOIL MOISTURE IN COMPLEX TERRAIN 
 
Introduction 
 Understanding and forecasting the ecological effects of environmental change depend on 
our ability to integrate spatial modeling of fine-scale environments that drive local species 
responses with broad-scale models of species’ climatic tolerances.  Moisture availability in the 
soil is one of the primary environmental determinants of vegetation patterns, yet we lack an 
empirical understanding of fine-scale soil moisture gradients at watershed and regional scales 
relevant to species distributions (Robinson et al. 2008).  This is particularly true for complex 
mountainous terrain, where fine-scale soil moisture gradients are more pronounced but empirical 
data are scarce because field sampling and monitoring have historically been difficult.   
 Soil moisture is highly variable in space and time, making it difficult to characterize 
without spatially extensive and temporally intensive data collection (Vereecken et al. 2014, 
Molina et al. 2014).  Soil moisture at a given site can be represented by a water balance equation, 
∆S = P – Q – E, where ∆S is change in soil moisture, P is precipitation, Q is drainage, and E is 
evapotranspiration.  However, each component of this equation is influenced by complex 
processes at different spatial and temporal scales.  At the regional scale, climate varies 
seasonally, annually, and geographically.  Variation in atmospheric properties within air masses, 
the movement of frontal systems across the landscape, and the interaction of frontal systems or 
air masses with regional topography all generate differences in timing and magnitude of 
precipitation events, temperature, and winds within areas of similar climatic influence.  At 
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watershed and local scales, topography, soil characteristics, vegetation, and diurnal temperature 
variation influence drainage, meso- and microclimate, and evapotranspiration.  The combination 
of these factors at multiple scales results in site-specific, scale-dependent soil wetting and drying 
curves.  Nevertheless, vegetation patterns and species responses across scales indicate that 
species integrate and selectively respond to differences in moisture availability and variability 
between sites over time (Elliott et al. 2015, Warren 2010, Whittaker 1956). Temporally intensive 
measurement techniques allow monitoring and modeling of soil moisture behavior (and plant 
responses to this behavior) at a single location, and remote sensing methods increasingly allow 
comprehensive estimation and mapping of soil moisture patterns over large extents.  However, 
scaling up local measurements to understand empirical soil moisture patterns and behavior over 
watersheds and regions remains a critical need (Ochsner et al. 2013, Robinson et al. 2008). 
 Previous field studies aimed at statistical modeling of soil moisture in complex terrain at 
particular scales have provided insights into topographic and edaphic effects on site water 
balance.  At the hillslope and watershed scales, combinations of elevation, slope orientation, 
steepness, shape, and position, upslope drainage area, distance from stream, and other 
topographic indices of landscape context—as they represent components of the site water 
balance—have been found to influence differences in soil moisture between sites (Lookingbill 
and Urban 2004, Dyer 2009, Yeakley et al. 1998, Werling and Tajchman 1984). Studies at the 
hillslope scale have illustrated the influence of edaphic factors such as soil texture on site 
moisture availability and drainage (Yeakley et al. 1998, Tromp-van Meerveld and McDonnell 
2006). At the watershed scale, Lookingbill and Urban (2004) modeled the contributions of 
topography and climate to soil moisture gradients, noting that additional variation could likely be 
explained with the inclusion of soil characteristics and vegetation cover.  The varying importance 
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of different factors in such studies and the proliferation of topographic moisture indices highlight 
an ongoing need to identify how these topographic proxies, individually or in combination, relate 
to site water balance, in a way that can be integrated with climate data and generalized across 
sites, watersheds, and regions. 
 Here, I investigate how factors affecting moisture supply and demand at multiple scales 
influence fine-scale differences in surface soil moisture across the complex terrain of Great 
Smoky Mountains National Park (GRSM).  While topographic, edaphic, and regional climatic 
controls on soil moisture have long been inferred from vegetation turnover in GRSM at hillslope, 
watershed, and regional scales (Whittaker 1956, MacKenzie and White 1998, Madden et al. 
2004), these controls have not been empirically quantified.  I combine temporally intensive 
monitoring of soil water content at several sites across the park with spatially extensive sampling 
along topographic gradients to create a multilevel empirical model of fine-scale, growing season 
soil moisture as a function of climate and topography.  With this model, I address the following 
questions:  1) At the regional scale, how does average growing-season soil moisture vary with 
elevation and precipitation?  2) At the local and watershed scales, which terrain variables best 
explain topographic effects on fine-scale, growing-season soil moisture across GRSM?  3) Based 
on the multilevel model, what are the relative influences of regional, watershed, and local factors 
on fine-scale soil moisture in GRSM? 
Methods 
Study area 
 Great Smoky Mountains National Park, established in 1934, is a 211,415-ha preserve in 
the southern Appalachian Mountains that lies along the North Carolina-Tennessee border, 
centered at 35°41’N and 83°32’W (Figure 2.1).  The main ridgeline runs from southwest to 
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northeast, dissecting the park into generally north-facing (TN) and south-facing (NC) 
watersheds.  Elevation ranges from 250 to 2024 m and has a strong effect on temperature and 
precipitation. From low to high elevation, annual precipitation increases from 140 to >200 cm, 
the mean annual July temperature decreases from 22 to 14 °C, and the mean January temperature 
decreases from 4 to -2 °C (Busing et al. 2005). 
 Environmental conditions across the park are strongly influenced by orographic effects 
but also by regional frontal systems and non-frontal atmospheric processes (Kelly et al. 2012, 
Konrad et al. 2013).  Frontal systems move generally west to east across GRSM.  In winter, cold 
polar air masses reach GRSM through the influence of this westerly flow. Moist tropical air 
masses, which pick up moisture over the Atlantic Ocean and Gulf of Mexico, are advected from 
the south, bringing thunderstorms from late spring through summer. Warm ocean temperatures in 
late summer through early fall support the development over the Atlantic of tropical storms and 
hurricanes, which periodically travel inland and provide heavy precipitation to GRSM.  Within 
the park, the topography is steep and complex, further influencing local environmental 
conditions through the effects of surrounding topography and local slope orientation, steepness, 
and shape on temperature, insolation, moisture supply and flux, wind exposure, and cold air 
drainage.   
Bedrock is primarily Precambrian metamorphosed sandstone, phyllite, schist, and shale, 
but one section is dominated by gneiss, granite, and schist, and there are small areas of limestone 
and related rocks (USDA 2009).  Soils are acidic and infertile and mostly consist of Ultisols and 
Inceptisols due to a temperate temperature regime and a udic moisture regime.  Similar soils 
occur at high elevations but are within the frigid temperature regime.  Boulder fields and 




   The spatial extent and complex topography of GRSM necessitated a sampling approach 
that would capture regional variation in precipitation and temperature as well as local and 
watershed variation in topography and soil characteristics, while also controlling for the time-
varying nature of soil moisture at a given site.  I combined temporally intensive soil moisture 
monitoring near meteorological stations in climatically representative areas of the park with 
spatially extensive point sampling of soil moisture along topographic gradients near the 
monitoring sites.  In this hierarchical approach, point samples were considered to be under the 
same local meteorological influences as the corresponding monitoring site, and each monitoring 
site’s measurements then served as a reference to relativize point samples collected at different 
dates and times. 
 I measured the volumetric water content (VWC) of soil using time-domain reflectometry 
(TDR), a commonly used method which enables rapid, repeat measurements of soil moisture in 
the field (Robinson et al. 2003).  TDR probes measure the return time (in milliseconds) of an 
electromagnetic signal traveling along 2-3 electrodes inserted in the soil, which can be related to 
the water content of the soil via a calibration equation (Herkelrath et al. 1991).  TDR 
measurements can be affected by soil properties other than water content, such as soil 
temperature, high clay content, high organic matter content, high electrical conductivity, high 
quartz content, and high rock fragment content, causing a standard calibration to over- or 
underestimate soil water content in a nonlinear fashion (Robinson et al. 2003).  However, within 
typical ranges of values, a common calibration equation can be applied for different soils.  I used 
the standard calibration for Campbell Scientific’s TDR probes, which has been developed and 
tested for soils with a wide range of textures and a temperature range of 10-30 °C.  The standard 
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calibration applies to soils at 20 °C and can be corrected for deviations from this temperature, but 
the magnitude of correction is smaller than typical variation of soil moisture between sites.  The 
Campbell Scientific manual suggests that soils with clay content >30% and electrical 
conductivity >1 dS/m may require specific calibration, but these conditions are not typical in 
GRSM. 
Soil moisture monitoring and point sampling 
 Six continuous soil moisture monitoring sites (“base stations”) were established at a 
range of elevations and forested site types across GRSM (Figure 2.2).  At each base station, a 
Campbell Scientific CR10X data logger was installed, and three Campbell CS615 water content 
reflectometers (TDR probes) were inserted vertically in the top 30 cm of soil within 10 m from 
the data logger, at locations encompassing the microtopographic variation at each site.  The 
probes measured signal return time every 3 minutes, and the data logger recorded average return 
time and VWC based on the standard calibration for each probe at hourly, 12-hour, and 24-hour 
intervals.  One base station (NC-441) was not near a meteorological station, so a tipping-bucket 
rain gauge was installed, and the data logger recorded total precipitation measured by the rain 
gauge for 30-minute, 12-hour, and 24-hour intervals.  Five of the base stations monitored soil 
moisture between July 2009 and May or June 2011; one station (Look Rock) was active between 
May 2010 and May/June 2011.  Growing season soil moisture, precipitation, and temperature 
were summarized by year for each base station and compared. 
 During the growing season of either 2009 (4 base stations) or 2010 (2 base stations), I 
measured VWC in the top 20 cm of soil at a total of 217 forested sites (25-45 sites per base 
station), using a handheld Campbell HydroSense soil moisture sensor (TDR probe).  All sites 
were located within a 3-km radius of a base station.   Only sites under mature forest canopies 
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were sampled in order to partially control for the effects of vegetation on soil moisture (via 
evaporation and drainage).  Sites were stratified by topographic setting (local elevation, slope 
aspect, and relative slope position).  At each site, on average, 5 return time/VWC measurements 
were collected at different points within a 10m x 10m area and averaged, yielding one VWC 
value for each site.  Sampling was avoided within 48-72 hours after rainfall to avoid 
measurement of recharge or gravitational water content; the point measurements therefore 
represent the drying part of the soil moisture curve, when site soil moisture is between field 
capacity and wilting point (Figure 2.3).  At each site, date, time, GPS coordinates, elevation, 
relative slope position, and slope aspect, steepness, and curvature were recorded, along with 
notes on rockiness, soil compaction, and atmospheric conditions.  The magnetic aspect recorded 
in the field was corrected to true aspect.  Elevation, slope aspect, and slope steepness were 
compared to site variables derived from the park’s LiDAR-based 10-m DEM, and this 
comparison was used to verify or correct location.  DEM-derived site variables were 
subsequently used in analyses. 
  I verified the relationship between VWC logged at the base stations and both the 
gravimetric moisture content and handheld probe measurements near the installed probes.  At 
each base station, I collected three sets of 5-8 soil samples from the top 30 cm of soil using a 2-
cm-diameter AMS soil core sampler, with each set collected on a different date during the 
sampling period.  The samples were weighed fresh, oven dried, and weighed dry to determine 
gravimetric moisture content on a mass basis.  Similarly, I collected handheld probe 
measurements next to each base station probe during frequent maintenance visits throughout the 
sampling period.  Soil samples and handheld probe measurements were matched to the base 
station VWC measurements by the date and time of sampling (within one-half hour).  Average 
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base station VWC measurements were regressed separately against average gravimetric moisture 
content and handheld VWC values (R2 = 0.888 and 0.915, respectively) (Figure 2.4).   
Empirical modeling: predictor variables 
  I selected climate and GIS-derived terrain variables to represent components of the site 
water balance equation in the model.  Growing season (May-September) precipitation and 
temperature for 2009 and 2010, derived from the meteorological station data near the base 
stations, were used to represent regional precipitation input and evaporative demand.  The 2009 
growing season precipitation for Noland Divide was derived from monthly precipitation data 
collected at the Noland Divide acid pollutant monitoring site by the Schwartz lab at the 
University of Tennessee-Knoxville (Schwartz et al., unpublished database).  The 2010 
precipitation data were not available for this site, and the 2010 rain gauge data for the NC-441 
site proved to be unreliable.  In addition, temperature data were not available for the NC-441, 
Noland Divide, and Elkmont sites.  Therefore, these missing temperature and precipitation 
values were modeled based on linear regressions of temperature and precipitation against 
elevation by year for several nearby meteorological stations (R2 = 0.906 for precipitation 
regressions and 0.938-0.954 for temperature regressions).  A set of terrain variables hypothesized 
or previously shown to capture topographic effects on soil moisture were derived from the park’s 
10-m-resolution, LiDAR-based digital elevation model (DEM) (Table 2.1).  Landform index 
(LFI) (McNab 1993) was derived in the Whitebox Geospatial Analysis Tools software (Lindsay 
2012).  All other terrain variables were derived in ESRI ArcMap version 9.x or obtained from the 
National Park Service. 
  Initial exploratory models included variables representing soil drainage characteristics 
derived from the park’s soils map and database (USDA 2009).  However, the coarse scale of this 
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polygon map, the mapping of soil as complexes of two or more types with different physical 
characteristics, and the representation of drainage characteristics as ranges of values all obscured 
relationships between the database variables and soil moisture values.  In addition, although 
differences in geology across the region may contribute to coarse-scale differences in soil 
characteristics across the park, soils within watersheds and hillslopes are generally correlated 
with topography (Yeakley et al. 1998).  Indeed, along with soil pedon data, topography and 
vegetation were included in the soil-landscape models used to generate the soils map (USDA 
2009).  As a result, variables from the soils database were not informative in exploratory models, 
presented statistical problems, and were excluded from further modeling.    
Empirical modeling: model construction, selection, and evaluation 
 Base station soil moisture data were used as reference values for the point samples to 
remove the effects of sampling at different dates and times. First, for each point measurement, 
the base station measurement at the same date and time (within 30 minutes) was subtracted from 
the point value.  Next, each base station's daily average values for the drying periods only were 
averaged over July-September for each year, and each relative point value was added to the 
average base station value for the year of sampling.  These relativized point values preserve the 
original, relative structure of the point samples and are intended to represent soil moisture 
differences between sites scaled to average differences in soil moisture between base station 
areas (Figure 2.5).  This approach assumes that drying-period differences between each point 
value and its matching base station value are relatively constant, or that variation around the 
mean difference between point and base station values is much smaller than differences between 
sites within the same base station area. 
 Exploratory generalized additive modeling (GAM) was conducted to evaluate the form of 
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the relationship between soil moisture and topographic variables.  The soil moisture model was 
then constructed as a linear mixed effects (LME) model with random intercepts, fit by maximum 
likelihood assuming a Gaussian distribution, with base stations as the grouping factor, growing 
season (May-September) precipitation and temperature as group-level fixed effects, and 
topographic variables as point-level fixed effects.  The linear mixed effects model was 
constructed using the lme function in the R package nlme (Pinheiro et al. 2018).  Correlation 
between predictor variables was evaluated, and a model with only random effects performed 
significantly better than the best fixed-effects linear regression model by likelihood ratio test, 
indicating that it was appropriate to include random effects in the model.  For the LME model, 
variables and interactions between variables were evaluated with stepwise regression and 
selected by AIC.  Similar models were compared with likelihood ratio tests and several cross-
validation measures (Braun et al. 2012).  The best model was compared to the model with only 
random effects by likelihood ratio test.  Predictor variables for the best model were mean-
centered and standardized to facilitate comparison of the regression coefficients for evaluation of 
each predictor’s relative importance in the model.  A Bayesian hierarchical version of the best 
LME model was constructed for comparison of the point estimates and confidence intervals. 
 Model residuals were evaluated graphically for non-stationarity and with Mantel’s 
statistic for spatial autocorrelation.  Pseudo-R2 was calculated for the group and point sampling 
levels as the difference between the variance components of the random-effects-only and 
parameterized mixed-effects models, expressed as a proportion of the variance component of the 
random-effects-only model (Xu 2003).  To evaluate the contribution of predictor variables to 
variance explained at each level of the model, variance components were compared using three 
models for each predictor variable:  1) the final model, 2) the final model without the predictor in 
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question, and 3) a version of the final model using the group means of the predictor in question 
rather than the point values.  The percent of variance explained at level 2 by each predictor was 
calculated as the difference in total variance for models 2 and 3, expressed as a percentage of the 
difference in total variance for models 2 and 1 (Jack Weiss 2013, personal communication).  All 
analyses were conducted in the R statistical software program (R Core Team 2014).   
Results 
 Base station elevation ranged from 650 to 1725 m.  In 2009, precipitation was much 
higher than the 1995-2011 median for all base stations (Figure 2.6).  In 2010 for 5 of 6 base 
stations, precipitation was lower than the 1995-2011 median and at Look Rock was the lowest 
since 1995.  Mean July-September soil moisture was higher in 2009 than in 2010 for all base 
stations, reflecting greater growing season precipitation in 2009 (Table 2.2).  For each year, soil 
moisture values generally increased with increasing elevation and precipitation and decreasing 
temperature, but deviations from this pattern illustrate the effects of watershed and local site 
differences on evaporation and drainage (Table 2.2).  For instance, the Oconaluftee base station 
was located on a lower slope near a stream in a sheltered, steep-sloped watershed, whereas the 
Elkmont base station was located at the end of a narrow, convex ridge spur in the lower portion 
of a watershed above a relatively open floodplain.  The sites are at similar elevation, and the 
Elkmont site received higher growing-season precipitation than the Oconaluftee site in both 2009 
and 2010, but the local topography and surrounding landform context contribute to higher 
average soil moisture at the Oconaluftee site.  Between years, percent differences in soil moisture 
paralleled percent differences in precipitation at the lower-elevation base stations.  However, at 
the highest elevations, percent differences in soil moisture were more than two-thirds lower than 
percent differences in precipitation (Table 2.2). 
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Exploratory GAM of the relativized point samples indicated linear relationships between 
soil moisture and local topographic variables, but either a quadratic or threshold relationship with 
elevation, in which elevation has no effect on soil moisture below the threshold and a positive 
linear relationships with soil moisture above the threshold.  Therefore, elevation was represented 
with a threshold function in the LME modeling; the optimal threshold was determined by 
running the model with a range of elevation thresholds at 25-m intervals and selecting the 
elevation threshold with the best AIC (Jack Weiss 2013, personal communication). 
 The best LME model performs significantly better than the model with random effects 
alone and predicts soil moisture from elevation, precipitation, LFI, slope steepness, and 
transformed slope aspect in order of relative importance, with no significant interactions between 
variables (pseudo-R2 = 0.7455 and 0.1326 for the group and point levels, respectively) (Tables 
2.2 and 2.3).  Base station temperature is highly negatively correlated with base station 
precipitation, and with only 6 base stations at the group level, the data did not support the 
inclusion of two group-level predictors in the model.  Elevation has no effect below 1225 m, and 
soil moisture increases with elevation above 1225 m.  Soil moisture increases in areas of higher 
precipitation and with increasing LFI, as topographic position descends from exposed ridgetops 
into sheltered draws.  Soil moisture declines with increasing slope steepness and with increasing 
heat load as transformed aspect goes from northeast to southwest.  Interestingly, slope steepness 
outperformed TWI as a measure of topographic drainage in all models considered.  Precipitation, 
elevation, and LFI operate primarily at the group level in the model (85.2% and 89%, 
respectively, for elevation and LFI), with most or all of the variance explained by them 
accounting for differences between base stations and only some variance explained accounting 
for differences between local sites.  Slope steepness and transformed aspect operate primarily at 
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the point level in the model (1.3% and 0% at the group level, respectively), accounting for 
differences between local sites.  The Bayesian hierarchical version of the model produces similar 
point estimates and confidence intervals for the independent-variable coefficients as well as an 
elevation threshold parameter.   
  Although base-station precipitation is only marginally significant, the model performs 
significantly better by likelihood ratio test and better on several cross-validation indices than a 
model without precipitation.  The marginal significance may be a result of low statistical power 
from the small number of base stations, the resulting inability to include other potentially 
important climatic variables in the model, or high variation in actual precipitation at points 
within the base station areas.  To explore the latter possibility, I developed an alternative soil 
moisture model based on precipitation modeled at the point sampling locations, rather than base 
station precipitation as a group-level predictor.  I derived models of growing season precipitation 
at park-wide meteorological stations for 1996-2011 and at stations near the sampling locations 
for 2009 and 2010.  In the LME model of precipitation at park-wide stations, with elevation and 
latitude as predictors and year as the grouping factor, elevation was found to have no effect 
below 850 m and a positive linear relationship with precipitation above 850 m, similar to the 
threshold relationship of elevation with soil moisture.  Once this threshold was determined, 2009 
and 2010 precipitation values for met stations in proximity to the base stations (and therefore 
presumed to be under similar meteorological influences and unaffected by latitude) were 
regressed against elevation, and these regressions were used to generate precipitation values for 
point sampling locations above 850 m.  Point sampling locations below 850 were assumed to 
have the same precipitation value as their respective base stations.  The alternative LME model 
of soil moisture based on topography and the modeled precipitation values was not significantly 
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better by likelihood ratio test than the best LME model described above; the predictors were the 
same and the coefficients were similar, including an optimal elevation threshold of 1225 m. 
  The best model exhibits no residual spatial autocorrelation by Mantel’s statistic (r = -
0.1352, significance = 1).  There are 13 residual outliers (>1.96 standard deviations) in the 
model.  While there is no single trend that explains the residuals or outliers, sites noted as rocky 
in the field tended to be drier than predicted by the model, and the proportion of these notably 
rocky sites increases as the residuals become more negative.  Three of the 5 negative-residual 
outliers correspond to sites noted in the field to be very or extremely rocky.  Sites that were 
wetter than predicted by the model show a slight trend toward higher variability of the 5 point 
subsamples at each site (r=0.243 between the standardized residuals and the range of the 5 point 
samples).  The most extreme positive-residual outlier corresponds to a highly variable but 
extremely wet "island" between two channels of a stream—a site type that likely cannot be 
accounted for by elevation, slope steepness, LFI, and slope aspect. 
Discussion 
 The empirical soil moisture model presented here explains greater than 70% of the 
variation (pseudo-R2) in fine-scale, average growing-season soil moisture for several areas across 
a region of complex terrain.  The model predicts soil moisture using precipitation measurements 
from established meteorological stations and a small number of topographic variables that are 
easily derived from a digital elevation model and mapped across the entire region.  Further, the 
structure of the model as a linear mixed-effects regression model, with sampling and prediction 
areas grouped geographically, represents the hierarchical, nested effects of processes at multiple 
spatial scales on local water balance and, as a result, on fine-scale patterns of soil moisture. 
Regional effects: elevation and precipitation 
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 The results of this study reinforce that elevation alone is an inadequate proxy for climatic 
effects on soil moisture.  Moreover, the relationship between elevation and soil moisture is 
nonlinear.  In this model, elevation has no effect on soil moisture below approximately 1225 m.  
Instead, high spatial and temporal variability of precipitation at lower elevation along with 
orographic precipitation at higher elevation makes inclusion of precipitation in the soil moisture 
model critical.  The elevation threshold itself serves to differentiate soil moisture at the high-
elevation sites from that of lower-elevation sites.  Above 1225 m, elevation explains differences 
in soil moisture among the high-elevation sites, beyond that explained by precipitation.  The 
relative stability of soil moisture at the high-elevation base stations between 2009 and 2010, 
despite much lower precipitation in 2010 (Table 2.2), illustrates this buffering of soil moisture 
above the elevation threshold. 
 Elevation here likely accounts for moisture inputs from cloud immersion that are not 
captured in precipitation measurements (Prat and Barros 2010) and lower evapotranspiration 
rates at high elevation (Reiners et al. 1984). Several studies have documented cloud immersion 
and cloud moisture inputs in GRSM (Berry et al. 2014, Reinhardt and Smith 2008, Prat and 
Barros 2010, Stephens 1969).  Reiners et al. (1984) empirically documented a linear decrease in 
evapotranspiration with elevation as well as convergence in PET and actual evapotranspiration 
above an elevation threshold in the White Mountains of New Hampshire.   
 The results of this study are generally consistent with previous work by Stephens (1969), 
who collected and summarized 1947-1950 climate data at four stations along an elevation 
gradient in GRSM and used the data to model potential evapotranspiration (PET) and soil 
moisture balance.  Results illustrated a nonlinear drop in vapor pressure deficit around or below 
1173 m.  Modeled PET decreased and soil moisture balance increased with elevation, and the 
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threshold effect appeared as a nonlinear increase in soil minimum values between the 445 m and 
1173 m measurement stations with only incremental increases in minima above 1173 m.  
Although PET did not exceed precipitation at any elevation in this model, the two values were 
equal or nearly equal during much of the growing season at 445 m, and precipitation consistently 
exceeded PET by increasing amounts above 1173 m.  Stephens (1969) noted microclimatic 
effects, such as cold air drainage and wind, related to site differences between the stations and 
the difficulty in generalizing gradients with data from only four sites.   . 
 The presence of an elevation threshold or a nonlinear relationship between elevation and 
soil moisture is indirectly supported by Stephens (1969), the exploratory precipitation model I 
conducted for this study, and the GRSM soil classification (USDA 2009).  The elevation 
threshold identified in the exploratory precipitation model (850 m) is 375 m lower than the 1225-
m threshold identified in the soil moisture model.  Soils are classified as frigid above about 1200 
m in GRSM (USDA 2009), which corresponds more closely to the threshold identified for soil 
moisture.  However, the confidence interval on the elevation threshold in the soil moisture model 
is wide, and the optimal threshold occurs in a region of the data set where there are few to no 
data points, which limits interpretation.  There may be a true lag in elevation between the 
precipitation and soil moisture thresholds, as soil moisture is dependent not only on precipitation 
but also on drainage and evapotranspiration.  In addition, the location of the threshold likely 
varies across the landscape, as do the location of the elevation threshold for frigid soils (USDA 
2009) and the vegetation transitions that reflect environmental shifts related to species’ 
tolerances (Madden et al. 2004).   
Watershed and local effects: topography 
 Although precipitation and elevation exhibit the strongest effects on soil moisture in the 
 
68 
model, the results indicate that topography controls local- and watershed-level variation in soil 
moisture through effects on drainage and evapotranspiration (via heat load).  Of the three 
topographic variables in the model, LFI explains the most variance in soil moisture and is 
intended to represent primarily the effects of slope position and upslope topography on drainage, 
but also the effects of landform context on evapotranspiration via shelter (or exposure), shading, 
and cold air drainage.  In this model, LFI primarily explains variance at the group level, 
reflecting average differences in LFI between base station areas, which in turn reflect differences 
in watershed- and regional-level geomorphology.  For instance, the Look Rock base station was 
located in the western-most part of GRSM, which is a lower-elevation area of ridge-and-valley 
topography, where sites may be less sheltered and less supported by moisture drainage from 
above than sites in central GRSM watersheds with a broader elevation range and more complex, 
concave topography.  LFI was developed as an index of topographic effects on forest site quality 
in mountainous terrain of the southern Appalachians and has been shown to predict forest site 
index and species-site relationships more effectively than other topographic variables associated 
with soil moisture (e.g., McNab 2010).  To my knowledge, no other studies have directly related 
LFI to soil moisture. 
 Slope and aspect influence soil moisture at the local site level via effects on drainage 
(primarily) and heat load, respectively.  Both LFI and slope more strongly influence soil 
moisture than transformed aspect.  Differences in vegetation type and species distributions with 
aspect, presumed to relate to differences in radiation and soil moisture, are apparent in the field 
and on GRSM vegetation maps (Madden et al. 2004), although the patterns may not be 
consistent across the park, as aspect has similarly low overall importance in predicting GRSM 
tree species distributions (Tuttle, unpublished data).  Helvey et al. (1972) found no influence of 
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aspect on soil moisture between 600 m and 1500 m in the southern Appalachians.  However, 
Werling and Tajchman (1984) found lower soil moisture on south-facing aspects than north-
facing aspects between 567 m and 796 m in a forested Appalachian watershed.  The low amount 
of variance explained by aspect (or empirically modeled radiation, as in Dyer 2009) may reflect 
the complex precipitation patterns and rain shadow effects across GRSM; reduced or absent 
effect of aspect at high elevation because of cloud cover; inaccuracies in radiation models;  
including the simple “model” of the radiation gradient represented by transformed aspect; or 
simply the relative lack of moisture limitation in GRSM and low, but still significant, influence 
of radiation on soil moisture. 
 Many studies have illustrated the usefulness of TWI (topographic wetness index) to 
represent topographic drainage effects on soil moisture, so it is interesting that TWI was not an 
effective predictor of soil moisture in this model.  During this study, gradients in soil moisture 
were observed in the field when sampling was conducted from bottom to top of the same 
hillslope.  However, for logistical reasons, most sampling was not clustered in this manner, 
which may explain why TWI was outperformed by other variables, particularly slope and LFI.  
TWI assumes constant soil characteristics (as they affect drainage) and is intended to represent 
moisture conditions throughout the entire soil column (Beven and Kirkby 1979).  Soil 
characteristics vary within and between the base station areas but could not be directly included 
in the model because of the coarseness of the soils layer.  Also, I measured surface soil moisture 
in this study, whereas other studies using TWI have measured soil moisture at greater depth. 
Sources of error 
 The modeled soil moisture values should be regarded as representing relative (between 
sites), average growing-season soil moisture rather than absolute soil moisture.  The residual 
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variation at all but the Look Rock site indicates that other factors affecting site-specific site water 
balance are absent from the model, such as soil drainage characteristics, microtopography, 
vegetation type and cover, cloud cover, and cloud precipitation inputs.  Modeling based on the 
average of several soil moisture measurements at each site, without taking into account the 
variation in individual measurements (which increases with elevation and VWC), may also 
contribute to the residual error.  Using the standard calibration for the handheld TDR probe 
across all sites may have introduced errors.  Although the soils in GRSM are generally within the 
range of suitability for the standard calibration, the lack of fine-scale soil characteristics for the 
park (or for each site) prevents an assessment of the suitability of the calibration at each site. 
 Errors may also result from the assumptions underlying the relativized soil 
measurements.  Specifically, the approach used here assumes that sites with similar topographic 
characteristics exhibit temporally consistent differences in soil moisture from a reference site 
under the same meteorological conditions, or at least differences that are consistent enough and 
large enough to outweigh inconsistencies in the slopes of drying curves that vary with, for 
example, amount and intensity of precipitation.  Similarly, the approach assumes that met station 
precipitation represents precipitation in areas up to 3 km from the met station.  Precipitation 
certainly varies at this scale, but not enough to obscure differences in growing-season 
precipitation between the base station areas that help explain variation in soil moisture between 
those areas. 
Applications and further research 
 An aim of this study is to provide a fine-scale empirical soil moisture model that can be 
generalized across a region of complex terrain.  While the topographic predictor variables are 
easily generated and mapped across a region from a DEM, using the model for prediction beyond 
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the sampled areas also requires growing-season precipitation and some understanding of how 
soil moisture varies in areas surrounding the reference precipitation values, in order to account 
for the random effects included in the model.  For more continuous prediction across a 
landscape, the model could perhaps be recalibrated using gridded, empirically modeled 
precipitation data such as PRISM (PRISM Climate Group) and then used for prediction of 
changes in relative soil moisture with modeled changes in climate. 
 The model should first be validated with independent field data, however.  Advances in 
soil moisture instrumentation and remote monitoring (Ochsner 2013) as well as new 
environmental monitoring efforts in GRSM (such as NEON) could enable future validation and 
improvement of the model with, for example, soil moisture sampling at new sites, finer-scale 
precipitation or radiation data, and inclusion or testing of factors such as cloud cover and soil 
characteristics.  Future sampling design could incorporate additional hierarchical structure to 
refine the use of topographic variables to represent drainage and evaporative demand, such as 
clustered sampling along hillslopes or other features, nested within base station areas.  Model 
results could likely be improved by using a Bayesian hierarchical modeling approach that also 
addresses the latent effects of small-scale variability in soil measurements at each site (rather 
than ignoring these effects using only the average). 
 Once validated, predictions from the model could be related to remotely sensed estimates 
of soil moisture, values predicted by watershed-based hydrologic process models, or results of 
fine-scale climate models for GRSM (Fridley 2009, Lesser and Fridley 2015, Prat and Barros 
2010) to advance research and modeling of fine-scale environmental gradients that influence, for 
example, vegetation patterns, species distributions, or fuel conditions that affect fire regimes.  Of 
interest for future research is the location of the elevation threshold above which soil moisture is 
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buffered from the variability present at lower elevations (or a better understanding of the 
nonlinear relationship between elevation and soil moisture).  The location of this threshold, the 
factors that influence its location, how it varies in space and time, and how it relates to 
vegetation patterns could yield insights for understanding vegetation dynamics and 
environmental change. 
Conclusions 
 Empirical fine-scale soil moisture was modeled across a region of complex terrain for six 
areas differing in elevation and amount of precipitation.  The model relates soil moisture to the 
effects of precipitation and topography on site water balance and is structured hierarchically to 
account for nested effects of climatic and topographic processes operating at different scales.  
For GRSM, where year-round precipitation is high and moisture is not limiting, fine-scale soil 
moisture is influenced by differences in growing-season precipitation at the regional scale, site 
position within the landform context at the watershed scale, and site topography (slope steepness, 
transformed aspect) at the local scale.  Soil moisture is buffered above an elevation threshold of 
approximately 1225 m (with a wide confidence interval), likely a result of cloud immersion and 
lower temperature that produce additional moisture inputs and reduced evapotranspiration.  
Further investigation of the location of this threshold (or steep gradient), particularly in relation 
to watershed and local topography, and its causes could help identify moisture ecotones that can 
be observed for the effects of climate change (e.g., in combination with approaches used by 
Lesser and Fridley 2015).  The model represents an important step toward improved empirical 
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Figure 2.1. Great Smoky Mountains National Park, North Carolina and Tennessee, USA, with 
topographic relief and major forest types. Vegetation classification created by the Center for 
Remote Sensing and Mapping Science (now the Center for Geospatial Research), University 





Figure 2.2.  Location of six base stations used to monitor soil moisture in GRSM between 2009 
and 2011.  Yellow dots and nested circles show continuous-monitoring base station locations, 1-
km radius, and 3-km radius, respectively.  Point sampling of soil moisture was conducted within 
the 3-km radius for each base station.  Shading represents topographic relief from low (brown) to 
high (blue) elevation.  Heavy black outline shows the boundary of the park’s main unit; thin 





Figure 2.3.  An example of typical wetting and drying curves for soil moisture over time, for the 
Elkmont base station.  Black diamonds are daily average values for volumetric water content, 
averaged over 3 time-domain reflectometry probes used to continuously monitor soil moisture at 
the base station.  Point sampling of volumetric water content was conducted only during soil 
moisture drying periods (red ellipses), at least 48-72 hours after a rain event.  The daily average 





Figure 2.4.  Regression of base station volumetric water content (VWC) with a) gravimetric 
water content and b) VWC measurements with the handheld time-domain reflectometry probe.  
Soil samples (for gravimetric water content) and handheld probe VWC measurements were 
collected near the base stations at different times between 2009 and 2011.  Blue dots are average 
VWC values for 3-5 samples collected at the same time for the same base station.  Blue lines 
















Figure 2.5.  Illustration of the procedure for relativizing soil moisture values (VWC) from point 
samples to base station values.  For each point measurement, a) the base station measurement for 
the same date and time (within 30 minutes) was subtracted from the point value, b) each base 
station's daily average values for the drying periods were averaged over July-September for each 
year, and c) each relative point value was added to the average base station value for the year of 
sampling.  The relativized point values preserve the original, relative structure of the point 
samples and are intended to represent soil moisture differences between sites, scaled to average 























































Figure 2.6.  Boxplot of 1995-2011 growing season precipitation from meteorological stations 
associated with the base stations.  Center lines show the medians; box limits indicate the 25th and 
75th percentiles; whiskers extend 1.5 times the interquartile range from the 25th and 75th 
percentiles; open circles (and blue dots for LR and NG) are outliers.  Mean precipitation values 
for 2009 and 2010 are shown as blue and orange dots, respectively.  The NC-441 monitoring site 





Table 2.1.  Terrain variables used in the soil moisture analysis and their influence on the terms of 
the water balance equation.  P = precipitation, E = evapotranspiration, and Q = drainage. 
 
  
VARIABLE         DEFINITION                WATER BALANCE INFLUENCE 
 
Regional and watershed climate 
Precip         precipitation (mm), May-Sept. sum   P 
Temp         temperature (°C), mean daily, May-Sept.           E 
 
Watershed & local topography 
Elev         elevation (m)               P, E 
Slope         slope steepness (%)              Q, E 
TWI*         topographic wetness index              Q 
             (ln (a/tanβ)) (Beven and Kirkby 1979, Moore et al. 1991) 
Tasp**         transformed aspect              E 
             (-1 * cos(α – 45)) (Urban et al. 2000) 
LFI         landform index               Q, E 
             mean of 8 horizon angles (McNab 1993) 
 
Mixed regional and local (modeled) 
Rad         radiation (Dyer 2009 and unpublished data set)          E 
 
*Other drainage proxies evaluated include plan, profile, and total curvature, and a range of 
soil texture-related characteristics from the GRSM soils database (USDA 2009). 
**Other radiation proxies evaluated include slope-corrected transformed aspect, hillshade, 
potential solar radiation, and potential relative radiation (PRR) (Pierce et al. 2005). 
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Table 2.2.  Summary of base station environmental characteristics and 2009-2010 data for 
precipitation and volumetric water content (VWC).  Met station = meteorological stations 
associated with base stations.  Precip = precipitation.  Proportional difference gives the change in 
precipitation and volumetric water content data for 2010 compared to 2009.  Values in red were 
modeled with linear regression of values from nearby base stations against elevation.  Methods 





Table 2.3.  Parameter estimates and statistical summary for best linear mixed effects model of 
soil moisture point samples by base station groups.  The model performs better than other models 
by AIC and several cross-validation measures and performs statistically significantly better than 
other models by likelihood ratio test. 
AIC  1158.015        
 Random effects:  Base station groups      
 SD Intercept SD Residual      
 2.1822    3.815       
   
 Standardized    
 Fixed effects: Estimate Std. error Estimate Std. error DF p-value  
 Intercept                6.4346 3.3704 20.9562 0.9582 194 0.0577 * 
 Precipitation  0.0114 0.0042 3.0279 1.1091 4 0.0524 * 
 (Elev >1225 )*(Elev-
1225) 0.0273 0.0044 6.1313 0.9879 194 0.0000 *** 
 Landform index           0.3463 0.0830 1.7083 0.4096 194 0.0000 *** 
 Slope  -0.1035 0.0190 -1.6363 0.301 194 0.0000 *** 
 Transformed aspect          -1.2515 0.3718 -0.9289 0.2759 194 0.0009 ** 
 *p<0.1, **p<0.001, ***p<0.0001 
      
 Standardized Within-Group Residuals:       
 Min Q1 Med Q3 Max     
 -2.5607 -0.5602 -0.0603 0.4999 3.0525     
 Group-level pseudo-R2:  0.7455       













CHAPTER 3: AGGREGATE CHANGE IN TREE SPECIES DISTRIBUTIONS IN A 





 Plant species are shifting in distribution and abundance worldwide.  Much research at 
broad scales has focused on investigating whether the changes are consistent with a warming 
“fingerprint” of aggregate shifts to higher elevation (Lenoir et al. 2008, Breshears et al. 2008, 
Beckage et al. 2008) and higher latitude (Monleon and Lintz 2015, Zhu et al. 2011, Woodall et 
al. 2009).  More recent studies have investigated how downward or divergent shifts are 
influenced by changes in precipitation or interactions between temperature and precipitation 
(Harsch and HilleRisLambers 2016, Rapacciuolo et al. 2014, Crimmins et al. 2011, Lenoir et al. 
2010) and by species’ functional traits, strategies, or tolerances (Fei et al. 2017).  Much research 
at regional and local scales, however, has emphasized how widespread changes in plant species 
abundance and community composition relate to other drivers of global change, such as land use 
legacies, invasive species, pollutant exposure, and altered disturbance regimes (such as fire 
suppression) (Ameztegui et al. 2015, Nowacki and Abrams 2015, Liang et al. 2017, Rogers et al. 
2017, Tasser et al. 2016, Thompson et al. 2013).  Despite the knowledge that global change 
drivers co-occur and interact (Dale et al. 2001, Seidl et al. 2017), research on these interactions 
has focused primarily on projections of species distributions under future climate change 
scenarios (e.g., Liang et al. 2017, Wang et al. 2017, Rogers et al. 2017, Garcia-Valdez et al. 
2015, Matthews et al. 2011), and fewer empirical studies have addressed how global change 
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factors interact to influence patterns of change in species distributions (Perring et al. 2016; but 
see Bhatta et al. 2018 and Ameztegui et al. 2015 for recent examples).  In the last few years, 
several authors have noted the complexity of disentangling these interactions and have called for 
more study of how multiple drivers and species’ traits influence aggregate change in species 
distributions, particularly at the regional and local scales (Sirami et al. 2017, Perring et al. 2016, 
Franklin et al. 2016, Rapacciuolo et al. 2014, McEwan et al. 2011, Dobrowski et al. 2011). 
 Modeling or statistically describing species distributions along latitudinal and elevation 
gradients has become a common tool for documenting aggregate change in plant species’ ranges 
(or portions of the range) and relating change to regional or continental changes in climate 
(Lenoir and Svenning 2015).  Distributions along environmental gradients are constructed from 
observations of species occurrence or abundance for different time periods in the same region 
and compared, typically focusing on one or more of four parameters that describe aspects of a 
species’ response curve along a gradient: the optimum of abundance or occurrence, leading edge 
of the range, trailing edge of the range, or the distribution of abundance across or in portions of 
the range (Lenoir and Svenning 2013).  Breshears et al. (2008), Maggini et al. (2011), and Lenoir 
and Svenning (2015) have proposed categories of change in species’ response curves along 
gradients as a means of integrating observed and hypothesized types of change in  distribution 
and attempting to understand the ecological and evolutionary processes that produce them.  
Maggini et al. (2011) provided a comprehensive set of categories that encompass the four 
distribution parameters (Figure 3.1a), and Lenoir and Svenning (2015) synthesized categories 
from Breshears et al. (2008) and Maggini et al. (2011) into a framework driven by two processes 
– persistence and movement rates – that can be related to species’ ecological traits (Figure 3.1b).  
Both Maggini et al. (2011) and Lenoir and Svenning (2015) note that these types of distributional 
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change may apply to non-climatic drivers such as land use or habitat change, species interactions 
(including competition or symbiosis), release from exogenous factors, and barriers (which I note 
may be chemical as well as physical). 
 This research focuses on assessing patterns of change in tree species distributions and 
dominance over 65+ years in a forested region of the southern Appalachian Mountains, where 
compositional gradients are influenced by two dominant environmental gradients (temperature 
and moisture), and forest change has been influenced by past land use, exotic pest introductions, 
air pollution, fire suppression, and, potentially, climate change (Chapter 1, Tuttle and White 
2016 and references cited therein, Lesser and Fridley 2015).  Using vegetation plot data from 
Great Smoky Mountains National Park (GRSM) for two time periods (1930s and 1990s-2000s) 
and a hierarchical Bayesian SDM framework, my specific research objectives are to 1) 
summarize and compare park-wide changes in tree species’ relative dominance and probability 
of occurrence, 2) identify aggregate trends in tree species distributions and optima along the 
dominant environmental gradients, controlling for categories of land use history and their 
distribution on the landscape, 3) identify types of change in species’ response curves along the 
dominant environmental gradients using categories of change derived from Maggini et al. (2011) 
and Lenoir and Svenning (2015), and 4) relate types of change to species’ trait-based strategies 
or tolerances for responding to three different, likely interacting drivers of global change in 
GRSM: major disturbance (including primarily logging, settlement, and mortality from pests and 
pathogens), climate, and fire suppression.  I use the results to discuss the influence of these three 
drivers on aggregate and species-level change in GRSM, likely interactions between drivers, and 
the use of species’ traits to distinguish drivers.  The results will contribute to our knowledge of 
how forests and tree species are responding to global change and will be a step toward 
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developing a framework for the response of species distributions to interacting drivers of change. 
Study Area and Background 
Vegetation and physical environmental gradients 
 Great Smoky Mountains National Park is a 212,000-ha preserve along the North 
Carolina-Tennessee border at approximately 35 °N and 83 °W (Figure 3.2). The forest vegetation 
of the park (Figure 3.2) is a complex of broad-leaved deciduous hardwoods and needle-leaved 
evergreen conifers (Jenkins 2007) controlled by environmental gradients, soil conditions, and 
disturbance.  Over 100 tree species occur in the park. Whittaker (1956) showed that tree species 
in the park are distributed individualistically on the dominant environmental gradients.  Forest 
composition and structure are also influenced by the pattern of pre- and post-park disturbances 
(Chapter 1, Tuttle and White 2016). 
 The dominant environmental gradients are elevation, which is correlated with 
temperature and orographic precipitation, and topography, which is correlated with soil moisture 
supply and demand (Whittaker 1956).  Along the elevation gradient (267 to 2025 m), 
temperature decreases (mean July temperature decreases from 22 to 14 °C and mean January 
temperature decreases from 4 to −2 °C) and precipitation increases (140 to >200 cm) (Busing et 
al. 2005).  Cloud and fog immersion occurs frequently at the highest elevations in the southern 
Appalachians (Reinhardt and Smith 2008), providing additional moisture inputs and reducing the 
effects of solar radiation.  Fridley (2009) modeled fine-scale temperature gradients in GRSM, 
documenting buffered microclimates near streams and at high elevation.  Tuttle (Chapter 2) 
showed that fine-scale soil moisture is influenced both by regional precipitation inputs and by 
site- and watershed-level topographic effects on drainage, solar radiation, and shelter from 
surrounding landforms.  Further, soil moisture increases above an elevation threshold (Chapter 2) 
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that likely corresponds to reduced evapotranspiration, increased cloud cover, the shift to frigid 
soils (USDA Natural Resources Conservation Service 2009), and the shift from deciduous or 
mixed forest to cold-tolerant spruce-fir forest (Cogbill and White 1991).   
Climate change has been less pronounced in the southeastern U.S. and southern 
Appalachians than in other parts of the world (Frankson et al. 2017, Runkle et al. 2017), but 
some changes in temperature and, more definitively, precipitation have been documented for 
GRSM (Lesser and Fridley 2015) and the southeastern U.S. during the 20th century (Konrad et 
al. 2013).  Lesser and Fridley (2015) analyzed climatic trends in and near GRSM over two time 
frames, 1980-2011 and 1896-2011. For 1980-2011, results showed a warming trend for 
maximum and minimum temperatures, with the rates of warming varying with elevation: 
minimum temperatures incased faster at low elevations and maximum temperatures increased 
faster at high elevations.  The net result was that the temperature range increased at high 
elevations and narrowed at low elevations.  The rise in minimum temperatures throughout the 
gradient also resulted in an increase in the frost free period, most markedly at lower elevations.  
For the longer time period, results showed no change in mean annual temperatures but an 
increase in minimum temperatures, resulting in a 19-day increase in frost free period and a 10% 
increase in growing degree days at low elevations.  Total annual precipitation and growing 
season precipitation have also increased steadily over the last century (Lesser and Fridley 2015).  
At the same time, variability in precipitation has increased (Konrad et al. 2013) and southeastern 
U.S. droughts are projected to be more intense in a warmer future because higher temperatures 
will increase evaporative demand (Frankson et al. 2017, Runkle et al. 2017, Baca et al. 2018). 
 Bedrock in GRSM is primarily Precambrian metamorphosed sandstone, phyllite, schist, 
and shale, but one section is dominated by gneiss, granite, and schist, and there are small areas of 
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limestone and related rocks. Soils are acidic and infertile and mostly consist of Ultisols and 
Inceptisols (USDA Natural Resources Conservation Service 2009). 
Disturbance history 
 Both before and after protection as a national park in 1934, the landscape of GRSM has 
experienced a variety of natural and anthropogenic disturbances that together have affected all 
parts of the landscape (Pyle 1988) (Figures 3.3, 3.4). The most common form of natural 
disturbance consists of small canopy gaps where individual trees have succumbed to wind, ice, 
insects, fungi, or drought (White et al. 1985, Runkle and Yetter 1987, Elliott and Swank 1994). 
The second most important type of natural disturbance in the park is lightning-ignited fire and its 
interaction with mortality to mature pine caused by the southern pine beetle (Dendroctonus 
frontalis) (Barden and Woods 1976, Harmon 1982, Cohen et al. 2007, Flatley et al. 2013).  
However, understanding the spatial and temporal patterns of historical lightning fire in the park 
is complicated by centuries of overlay with pre-park fires set both by Native Americans and later 
European settlers (Barden and Woods 1976, Fowler and Konopik 2007). At the time of park 
formation in the 1930s, a policy of suppressing both natural and human-set fires was instituted; 
in recent decades, policy has shifted to allow controlled burning in some forest types and to 
allow lightning-ignited wildfires to burn in some contexts (Chapter 1, Tuttle and White 2016).  
Fire-tolerant tree species and communities occur throughout the park but are concentrated in 
western portions of the park dominated by ridge and valley topography and lower average 
elevation (Harmon 1981). 
 Concentrated European settlement occurred between the late 1700s and 1930 and was 
generally restricted to low-elevation (below 750 m), productive valley-flat sites and adjacent 
forest areas (Pyle 1988) (Figures 3.3, 3.4). Diffuse settlement and related human activities, such 
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as logging, livestock grazing, and low-intensity fire, extended to the areas surrounding 
concentrated settlement (Pyle 1985). In the early to mid-1800s, logging was not mechanized and 
targeted only the most valuable species and sizes of trees (Pyle 1985). Logging companies began 
buying larger tracts of land, however, and built large logging camps and railroad lines, so that 
between about 1880 and 1930, corporate logging was a major disturbance to the park landscape, 
sometimes affecting entire watersheds. Slash fires sometimes followed logging, and on some 
sites, these fires combined with soil erosion, caused delayed or absent regeneration of forests. 
Land acquisition for the park between 1926 and 1934 ended logging and the human-set fires 
associated with settlement.   
About 20% of the park area has no history of direct anthropogenic disturbance (Pyle 
1985, 1988). These areas primarily occur at mid to high elevation (Figure 3.4).  However, during 
the 20th century, the remnants of undisturbed stands have been impacted by a wide range of 
human-mediated disturbances that have caused major canopy disturbance, including exotic pest 
introductions (USDI National Park Service 2007) and air pollution (atmospheric deposition, 
ozone) (Sullivan 2016, Sullivan et al. 2011).  In terms of dominant tree cover and species 
composition, four exotic pest species have affected nearly all parts of the GRSM landscape by 
causing rapid mortality of four tree species that were dominant in the 1930s (Figure 3.5): 
chestnut blight (Cryphonectria parasitica; 1920s to the present, with most dominant trees of 
American chestnut (Castanea dentata) affected by the 1930s and dead by the 1950s) (Woods and 
Shanks 1959); balsam woolly adelgid (Adelges piceae; 1960s to the present (Eagar 1984), with 
most Fraser fir (Abies fraseri) populations drastically impacted by 1990 (Nicholas et al. 1992); 
beech bark disease (an insect-fungus disease complex initiated by Cryptococcus fagisuga; late 
1980s to the present, with high mortality of mature American beech (Fagus grandifolia) trees) 
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(Vandermast 2005, Taylor 2012); and hemlock woolly adelgid (Adelges tsugae; early 2000s to 
the present, with widespread mortality of Eastern hemlock (Tsuga canadensis) ongoing) (Roberts 
et al. 2009, Onken and Reardon 2010, Krapfl et al. 2011). 
Air pollution includes atmospheric deposition of acids, nutrients, and toxics and 
formation of ground-level ozone.  Effects of resulting soil acidification, nitrogen saturation, 
toxicity, and ozone exposure on plant species in eastern North America are complex and vary by 
species and by region (Sullivan 2016).  Effects of acidification can include increased stress, 
reduced growth and vigor, loss of plant nutrients, canopy dieback, and reduced survival (Sullivan 
2016, Duarte et al. 2013, Webster et al. 2004, Johnson et al. 1992).  Effects of ground-level 
ozone exposure can include increased stress, visible injury, tissue damage, reduced growth, and 
reduced reproduction (Sullivan 2016, Chappelka et al. 1999).  Plants are more susceptible to 
negative effects of acidification, ozone and other stressors (such as pests, pathogens, drought, 
other pollutants, and other types of disturbance) when these stressors interact (Sullivan 2016). 
Deposition of nitrogen and sulfur compounds and formation of ozone interact with moisture 
(including clouds/fog), temperature, and sunlight (Sullivan 2016).  Deposition and exposure 
increase with elevation in GRSM (Fakhraei et al. 2016, Sullivan 2016) and therefore probably 
have greatest impact on forests of the highest elevations (Sullivan 2016, Aneja et al. 1992). Air 
quality regulation greatly lowered sulfur deposition by the 1990s, but soil acidification persists 
(Sullivan 2016).  GRSM is rated as very high risk for acidification effects from atmospheric 
deposition (Sullivan et al. 2011) and high risk for ozone exposure (Sullivan 2016).  Many tree 
species in GRSM are known to be sensitive to acidification and ozone (USDI National Park 




Tree population changes 
 A number of studies have documented changes in forest composition and structure in 
parts of GRSM.  Changes attributed to fire suppression have occurred on mid- and low-elevation 
xeric ridges and include increases in tree density, encroachment of fire-sensitive species from 
moister sites, failure of reproduction in oaks, and decreases in pine dominance (Barden and 
Woods 1976, Harrod et al. 1998, 2000, Jenkins et al. 2011, Flatley 2011).  Because American 
chestnut had a wide distribution on the dominant environmental gradients, studies of post-
chestnut blight forests have shown that co-occurring oaks, maples, and many other species have 
increased in abundance or relative dominance to replace American chestnut (Wang and Hu 2015, 
Woods and Shanks 1959). 
 Changes after invasion by the balsam woolly adelgid included near complete mortality of 
mature Fraser fir trees and initial increases in disturbance responders like blackberry species 
(Rubus spp.), yellow birch (Betula alleghaniensis), and pin cherry (Prunus pensylvanica) (Eagar 
1984).  Because spruce-fir forests had dense advanced regeneration of Fraser fir seedlings and 
smaller saplings prior to invasion by the adelgid, some stands have increased in Fraser fir 
dominance (Smith and Nicholas 2000).  Tuttle (2007) documented retraction of Fraser fir from 
the lower-elevation ecotone between northern hardwood and spruce-fir forests and increase in 
dominance of some co-occurring tree species. 
 For several disturbances, changes are recent so that long-term trends are not yet fully 
documented, e.g., mortality of American beech and Eastern hemlock from beech bark disease 
(Vandermast 2005) and hemlock woolly adelgid (Roberts et al. 2005, Onken and Rearden 2011, 
Krapfl et al. 2011), respectively.  In particular, the effects of the hemlock woolly adelgid on 
Eastern hemlock are not included in the present study, because these effects began to occur after 
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nearly all of the forest datasets in this study were collected. 
Methods – Data 
Species data 
1930s vegetation survey 
 From 1934 to 1938, Frank Miller led a vegetation survey that produced 1378 rectangular 
plots of 1 x 2 chains (20.12 m x 40.23 m) in a grid across the park, although some watersheds 
were sampled more or less intensively than others. In each plot, standing trees greater than 4 in. 
(10.16 cm) in diameter at breast height (dbh) were identified to species, recorded as live or dead, 
and tallied by species in four size classes (converted to metric): 10.16 to <30.48 cm, 30.48 to 
<60.96 cm, 60.96 to <91.44 cm, and ≥91.44 cm.  Environmental variables were recorded in the 
field, including topographic variables such as elevation, slope steepness, and slope aspect. 
Surveyors noted whether or not plots had been burned or cut over, recording the known or 
estimated date of last burn or logging where possible. Plot locations were described on the data 
sheets, marked with an X on USGS topographic quadrangle maps, and later verified by Miller 
and his surveyors. In the 1980s, personnel at the Uplands Field Research Laboratory (UFRL) of 
GRSM digitized the plot data and transferred the plot locations by hand onto modern USGS 
topographic quadrangle maps (see MacKenzie and White 1998 for further description of the 
Miller plot data). In 2004, I digitized the plot locations and, more recently, matched these 
locations to the plot data and performed extensive data cleaning, including assessing the 
accuracy of plot locations using the field data and GIS. 
 The Miller plot data reflect the standing-dead American chestnut trees on the landscape at 
that time; chestnut blight was in progress, but live American chestnut trees still dominated the 
landscape. In this study, I treated all standing-dead American chestnut trees as live, to obtain a 
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better estimate of the true dominance and distribution of this species in historic GRSM forests. 
1990s-2000s vegetation data compilation 
 I compiled tree species abundance data and occurrences recorded in GRSM between 
1995 and 2009 using existing GRSM vegetation plot datasets or data compilations from several 
sources.  The majority of plots derive from ~314-m2 circular vegetation plots sampled across 
GRSM during a 1996-1999 park-wide bird survey conducted by Simons et al. (2006).  Simons et 
al. collected data along most of the hiking trails in the park, with plots spaced 250 m apart and 
randomly located 10 m upslope or downslope from the trail.  Absolute and relative canopy cover 
(%) was recorded by species in 10 cover classes across four woody vegetation strata: tree 
canopy, subcanopy, tall shrub, and low shrub/seedling.  Additional 1990s-2000s plot data derive 
from a variety of research and monitoring studies conducted between 1995 and 2009, obtained 
from GRSM inventory and monitoring staff, Fridley (unpublished database), Tuttle (2007), 
Tessel (unpublished data), Eagar (unpublished data), and others.  These studies included either 
data on individual trees (species and dbh in cm) or data on canopy cover (%) by species as 
absolute cover or in cover classes, sometimes also stratified by height or dominance categories 
(dominant, codominant, intermediate, suppressed).  Other than the Simons data, most plot sizes 
are 1000 m2 (similar in size to the Miller plots); other plot sizes are 400 m2, 800 m2, 100 m2, and 
a small number of plots ranging from 10 m2 to 1 ha (White and Busing 1993, Fridley 
unpublished database).  All datasets include geographic coordinates of plot locations and field 
environmental data collected for each plot, typically including at least elevation and topographic 
variables such as slope steepness and slope aspect. 
Data Cleaning and Preparation 
 Using a combination of procedures in Microsoft Access, ArcGIS, and R statistical 
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software, datasets for the two time periods were cleaned, selected, combined, and converted to 
relative abundance (for analysis of park-wide changes in dominance) and presence-absence data 
(for SDM).  Data cleaning included searching for obvious errors in species identification, 
clarifying and updating tree species nomenclature between time periods and datasets, assessing 
accuracy of plot locations in GIS by comparing field data to terrain variables derived from the 
10-m LiDAR-based digital elevation model (DEM) for GRSM, and removing duplicate plots or 
occurrences.  Plots or occurrences were excluded when there was strong evidence for 
misidentification of species, unresolvable taxonomic uncertainty, or large, unresolvable 
differences between field data and GIS data.  The dominant hickory (Carya) species (mockernut 
hickory, Carya tomentosa; pignut hickory, Carya glabra; and red hickory, Carya ovalis) and 
Carya observations identified only to genus were combined and treated as one taxon for the 
analyses, based on unresolvable differences in nomenclature between the datasets, the 
knowledge that mature (tall) individuals in the genus Carya can be difficult to distinguish in the 
field, and the knowledge that the dominant Carya species in GRSM strongly overlap in spatial 
distribution.  Similarly, observations of smooth serviceberry (Amelanchier laevis), downy 
serviceberry (Amelanchier arborea), and Amelanchier sp. were combined and included in the 
analyses at genus level because of inconsistencies in whether these taxa are considered separate 
species or varieties of the same species.  However, in GRSM, observations of this taxon largely 
refer to A. laevis (whether as a species or as a variety of A. arborea), particularly at higher 
elevations, and in the two dominant data sets (Miller 1930s and Simons 1990s), only A. laevis 
was recorded.  Species nomenclature follows Weakley (2015). 
 All plots matched to a location and with at least one tree species recorded in the plot were 
selected from the datasets.  Because the 1930s dataset includes tallies of individual trees only for 
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trees ≥10 cm dbh, abundance data and species occurrences from the 1990s-2000s were selected 
to be comparable to the 1930s data.  For datasets with diameter measurements for individual 
trees, all trees ≥10 cm dbh were included.  For datasets where cover values or classes and canopy 
strata were recorded, data for only canopy and subcanopy trees were selected and combined.  
Cover classes/values were assessed by stratum and by species for different plot sizes in these 
datasets to determine cut-off values of percentage cover for the remaining small number of plots 
where only cover classes and no stratum data were recorded.  For these plots, all tree species 
with a cover class ≥2-5% (20 m x 50 m plots) or cover class ≥10-25% (10 m x 10 m plots) were 
selected.  For SDM, the 1990s-2000s datasets were processed into the same format and 
combined into a single dataset for comparison to the 1930s data.  Data for the two time periods 
were further combined into a single dataset with time period distinguished as 0 (1930s) or 1 
(1990s-2000s). 
Plant strategies 
 For tree species that occur in GRSM, data on functional traits and categories that 
represent plant strategies for responding to major disturbance, climatic stress, and fire were 
extracted from compilations in the literature.  I selected drought tolerance as an indicator of 
species’ tolerance to climatic stress and used categories developed by Peters et al. (2015) for 
eastern North American trees, ranging from 2 (most tolerant of drought) to -2 (least tolerant of 
drought).  For the southern Appalachians, moisture generally is not limiting, but species respond 
to differences in site moisture availability created by topography (Whittaker 1956, Chapter 2), 
periodic regional droughts in the southeastern U.S. can affect GRSM (Baca et al. 2018), and 
droughts are expected to increase in intensity in the southeastern U.S. with future climate change 
(Baca et al. 2018).  Similarly, I categorized species as tolerant or intolerant of fire based on traits 
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related to fire dependence, survival, and response, as described in the USFS Fire Effects 
Information System (USDA Forest Service 2014), Iverson et al. (1999), and Burns and Honkala 
(1990). 
 For response to major disturbance, I developed an index of “weediness” representing 
species’ ability to respond rapidly to removal of the tree canopy through dispersal, colonization, 
establishment, and growth.  Plant characteristics that produce weediness (or, similarly, 
invasiveness) can include early and frequent reproduction, abundant seeds, seed properties that 
promote dispersal, rapid growth, and adaptation to a broad range of conditions, including 
stressful ones (Schwartz and Gage 2017).  I considered traits for southern Appalachian trees 
compiled by Wonkka et al. (2013) and Iverson et al. (1999) and selected four quantitative traits 
that I hypothesized would best represent a species’ ability to increase after major disturbance: 
seed mass, minimum age at reproduction, fruiting frequency, and a growth constant (G) based on 
a species’ maximum height, diameter, and age, which was developed by Botkin et al. (1972) and 
used by Brzeziecki and Kienast (1994) and Wonkka et al. (2013) to represent maximum growth 
rate.  For growth index values not available in Wonkka et al. (2013), I calculated G from the 
equation in the appendix of Botkin et al. (1972).  Fruiting frequency was represented by five 
categories following Wonkka et al. (2013).  To create the index, values for each trait were 
converted to proportion of the maximum value for GRSM trees, and proportions for the four 
traits were summed, yielding possible values for the index ranging from a minimum >0 (least 
weedy) to a maximum of 4 (most weedy).   
Topographic and Environmental Data 
 To represent the two dominant environmental gradients in the park (temperature and 
moisture), I considered a set of terrain variables previously assembled or derived from a 
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combination of field data and the park’s LiDAR-based 30-m DEM (see also Chapter 1, Tuttle 
and White 2016). Terrain variables considered included elevation; slope aspect, steepness, and 
curvature; potential annual solar radiation (RAD); topographic wetness index (TWI) (Beven and 
Kirkby 1979, Moore et al. 1991); topographic position index (TPI) (Weiss 2001); terrain shape 
index (TSI) (McNab 1989, Bolstad et al. 1998); and landform index (LFI) (McNab 1993).  LFI is 
the average of the horizon angle in eight directions and ostensibly integrates several topographic 
factors that affect water and air drainage as well as exposure to (or shelter from) radiation and 
winds; negative or low values correspond to ridgetop positions that are not surrounded by higher 
ridges, and high values correspond to valley-bottom positions surrounded by steep slopes.  I used 
the Whitebox Geospatial Analysis Tools software (Lindsay 2012) to derive LFI. 
 The primary aim of this modeling effort was to evaluate change over time in species’ 
individual and aggregate responses to the two dominant environmental gradients in the park.  
Therefore, the focus of model selection was to identify the simplest set of terrain variables (and 
their interactions) to represent the form and relative magnitude of species’ response curves in the 
park along these two environmental gradients.  Previous models of GRSM forest structure and 
composition (Chapter 1, Tuttle and White 2016), empirical soil moisture (Chapter 2), and 
individual tree species distributions (unpublished) have shown that elevation and LFI are a 
relatively simple set of terrain variables that capture species’ responses along the temperature 
and topographic moisture gradients.  Therefore, LFI was selected to represent the topographic 
moisture gradient, as influenced by local site and watershed topography.  Elevation and LFI 
values were extracted for each plot location in GIS. 
Disturbance History Data 
 Pyle (1985, 1988) compiled data on pre-park land use in GRSM (including data from 
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Miller’s plot data sheets and final vegetation maps) and developed a park-wide map of 
anthropogenic disturbance history in several categories, including corporate logging, 
concentrated settlement, livestock grazing, diffuse disturbance (regions with small, scattered 
areas of settlement, cutting, grazing, or fire), and areas with no known or recorded anthropogenic 
disturbance (hereafter referred to as undisturbed).  Using Pyle’s map (which I scanned and 
georeferenced), a disturbance history GIS layer for the park (similar to Pyle’s map but of 
unknown provenance), and GIS layers of Miller’s vegetation maps digitized by GRSM staff, I 
developed a modified GIS layer to match Pyle’s map and categories (Figure 3.3) (Chapter 1, 
Tuttle and White 2016).  Using this “corrected” disturbance history GIS layer, I assigned 
anthropogenic disturbance history categories to each species occurrence based on location.  
Based on low sample size for the concentrated settlement category and results of previous 
analyses indicating structural similarity between concentrated settlement and corporate logging 
areas (Chapter 1, Tuttle and White 2016), I simplified Pyle’s five categories into three 
categories:  undisturbed, diffuse disturbance (including the small number of livestock grazing 
plots), and logging-settlement. 
Methods – Analysis 
Change in species dominance 
 To asses park-wide changes in species dominance, the Simons plot data (1996-1999) 
were compared to the 1930s data.  Park-wide mean relative abundance and relative frequency 
were tabulated by species for comparison.  Plots with at least one tree species present in a lower 
stratum, even if no canopy or subcanopy was present, were included in the calculations of mean 
relative frequency and abundance (with a value of 0).  Only species with at least 1% relative 
abundance in either time period were included in the calculations.  Mean relative abundance for 
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each species was calculated as mean percentage of total plot basal area (m2 per ha) for the 1930s 
data and mean percentage of total plot canopy/subcanopy cover (%) for the Simons data.  
Relative frequency for each species in each time period was calculated as the percentage of plots 
where the species was recorded as present.  Other 1990s-2000s datasets were not included in this 
comparison to avoid additional likely sources of error resulting from combining abundance data 
collected with several different methods. 
Change in species distributions and probability of occurrence 
Species distribution modeling approach 
 Only species with at least 50 occurrences in the combined 1930s and 1990s-2000s 
datasets were included in SDM.  I used a hierarchical Bayesian approach to combine logistic 
presence-absence modeling of species distributions in a single model that would yield, for each 
time period, individual species models along with an overall mean model (across all species) for 
assessment of aggregate change over time.  The model was structured at two levels, with a 
common set of fixed-effect parameters (predictor variables and their interactions) for each 
species at the level of individual occurrences and random effects (both intercepts and slopes) for 
different species at the group level.  Time was included in the occurrence-level model as a binary 
factor (0 for the 1930s, 1 for the 1990s-2000s) that could influence overall probability of 
occurrence (the intercept) as well as species’ responses to other predictor variables (interaction 
of these predictors with the time factor).  Prior distributions were constructed to be non-
informative.  Parameter estimates were drawn from normal distributions with uniform priors on 
the variance (Gelman 2006). 
 The four species with known overall declines in abundance and occurrence between the 
two time periods – American chestnut, Fraser fir, American beech, and Pitch pine – themselves 
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represent major post-park disturbances hypothesized (or known) to influence changes in other 
species’ distributions.  Therefore, these four species were excluded from the hierarchical 
Bayesian model.  I modeled individual distributions for these four species in separate presence-
absence logistic regression models fit by maximum likelihood, using the same set of predictor 
variables used in the hierarchical Bayesian model.  However, specific results of these four 
models are not presented in detail here, as decline of these species is documented elsewhere 
(Dalgleish et al. 2016, Burke 2012, Kaylor et al. 2017, Vandermast 2005, Taylor 2012). 
Model selection and evaluation 
 Exploratory generalized additive modeling (GAM) was used to assess whether species’ 
responses to elevation and LFI  are linear or nonlinear.  GAM confirmed that tree species in 
GRSM exhibit unimodal or logistic response curves with elevation and linear, or approximately 
linear, relationships with LFI after accounting for the effects of elevation.  To inform specific 
model selection for use in the hierarchical Bayesian model (as well as the four separate logistic 
regression models), exploratory distribution modeling for individual species was conducted with 
forward and backward stepwise logistic regression using elevation, elevation2, LFI, the three 
disturbance history categories, time as a factor, and interactions between time and the other 
variables.  I considered models with and without elevation x LFI  and elevation2 x LFI 
interactions (each of which also then interacted with time).  Elevation and LFI were mean-
centered and doubly standardized for use in all models (Gelman 2008), to facilitate comparison 
of parameter estimates and other model output.  AIC and F-tests (for nested models) were used 
to compare candidate models.  Exploratory modeling resulted in selection of an occurrence-level 
model that included the disturbance history categories as three mutually exclusive binary factors 
(the intercept in each case), time as a binary factor, elevation, elevation2, LFI, elevation x LFI, 
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elevation2 x LFI, and interactions of each of these parameters (including disturbance history 
categories) with time.   
 Performance of the Bayesian hierarchical model was evaluated by assessing convergence 
and autocorrelation of Markov chains, Rhat values, effective sample size, and the shape of 
posterior sampling distributions for all parameters.  Confidence in mean parameter estimates was 
evaluated by inspection of 95% credible equal-tailed intervals (ETI) and the proportion of 
samples overlapping zero.  All modeling was conducted in R Statistical Software (R Core Team 
2014) and/or JAGS (Plummer 2003) via R package jagsUI (Kellner 2015). 
Visualization and interpretation of SDM results 
 Differences in  group-level and individual species’ distributions and probability of 
occurrence between the two time periods were characterized from the model results in four ways:   
1) Aggregate change.  Group-level change in distribution was assessed by plotting the 
mean and credible intervals for interaction parameters between time and the other model 
variables, including each of the three disturbance history categories, elevation, elevation2, 
LFI, elevation x LFI, and elevation2 x LFI. 
2) Species response curves and heat maps of change.  For each species in each 
disturbance history category and time period, four sets of model predictions were 
calculated using the mean parameter estimates for 1) an equally spaced grid of elevation-
LFI bins representing the range of values occurring in the data and 2) an equally spaced 
grid of elevation bins with three different values of LFI – the 25th, 50th, and 75th quantiles 
occurring in the data – representing low, median, and high values, respectively.  The 
predictions using constant LFI values were used to plot, separately, each species’ 
response curves for the three LFI values in each time period.  Response curves were only 
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plotted for the range of elevation values where each disturbance history category 
occurred in GRSM.  To produce a single heat map of change in probability of occurrence 
along both gradients, predictions were combined across disturbance history categories for 
each time period: the relative frequency of each disturbance history category in each 
elevation-LFI bin was calculated from the park-wide distribution of disturbance history 
values, and model predictions for each time period were then weighted by these relative 
frequencies.  Each species’ weighted predictions for the two time periods in each 
elevation-LFI bin were subtracted and the differences plotted on a graph of elevation 
versus LFI.  Based on inspection of the response curves and heat maps, each species was 
assigned to one or more categories of change, as described in Maggini et al. (2011) and 
Lenoir and Svenning (2015). 
3) Park-wide mean change in probability of occurrence.  The heat map values were 
further weighted by relative frequency of the elevation-LFI bins within the park (to 
represent each bin’s relative contribution to the park’s gradients) and summed, yielding 
an estimate of park-wide mean change in probability of occurrence for each species.  
Values were compared by species to the values for park-wide mean relative abundance 
and relative frequency. 
4) Change in optimum.  The disturbance history-weighted predictions were additionally 
used to approximate, for each species, the optimum as the probability-weighted mean 
center of distribution along the elevation and LFI gradients in each time period.  These 
paired centroids and the distances between them were plotted on a graph of elevation 
versus LFI to visualize how changes in individual species’ optima contribute to aggregate 
change along the two gradients.   
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Patterns of species response 
 Response curve categories were compared by the trait-based indicators of plant strategy 
in response to climatic stress, fire, and major disturbance.  For climatic stress, tallies of drought-
tolerant and -intolerant species for each response curve group were compared.  Likewise, for fire, 
tallies of fire-tolerant and fire-sensitive species by group were compared.  In addition, the 
proportions of drought-tolerant and fire-tolerant species that decreased/crashed or retracted were 
calculated.  Mean and standard deviation of weediness index were used to compare groups for 
response to major disturbance.  The three categories of driver were compared based on 
proportion of species responding as expected. 
Results 
Data summary 
 After data cleaning and selection, 1324 plots from the 1930s and 3475 plots from the 
Simons 1990s datasets were included in the comparison of relative frequency and relative 
abundance between the two time periods.  Forty taxa had ≥1% relative frequency in either the 
1930s or Simons 1990s plots.  Three species – black walnut (Juglans nigra), butternut (Juglans 
cinerea), and shortleaf pine (Pinus echinata) – with >1% relative frequency were excluded from 
the comparison because of uncertainty about the accuracy of species identification in either time 
period or low sample size in the limited areas where these species occur in GRSM.  For SDM, 
species presences and absences were drawn from 1275 plots from the 1930s and 4319 plots from 
the 1990s-2000s.  In addition to the 4 species with major declines, 30 taxa (28 species and 2 
genera) had ≥50 occurrences in the combined 1930s and 1990s-2000s data sets. 
 Plot locations (and therefore species occurrences) included in the SDM ranged from 266 
to 2022 m elevation (mean 1042.7 m ± 389.7 SD) and LFI of -2.67 to 30.72 LFI (mean 11.43 ± 
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5.29 SD), similar to the park-wide distribution of  elevation (265 to 2024 m, mean 1018.56 m ± 
342.55 SD) and LFI (-4.77 to 36.54, mean 13.41 ± 4.63 SD).  However, display of heat maps 
based on model predictions was limited to 300-1850 m elevation and LFI of 2-22, to exclude 
extreme elevation-LFI combinations that are outside the range encompassed by the datasets, 
sampled at very low frequency in the plot datasets, and/or very rare in the park.  Elevation-LFI 
heat maps of plot frequency for each time period and the difference in plot density between the 
time periods (Figure 3.6) highlight two areas of difference in sampling distribution between the 
two time periods:  Middle-elevation coves (high LFI) were sampled less frequently in the 1990s-
2000s than in the 1930s, and low-elevation sites with middle to lower LFI  were sampled less 
frequently in the 1930s than in the 1990s-2000s.  The relative differences within individual 
elevation-LFI bins are small with a maximum ±0.9% difference in plot density for any bin and 
mean of -0.036%. 
Model performance and evaluation 
 The final hierarchical Bayesian model run consisted of sampling in 3 chains of 5000 
iterations with a thinning rate of 5, after adaptation of 5000 iterations and burn-in of 100 
iterations, resulting in a maximum possible effective sample size of 3000.  All parameters 
converged, and Rhat values were all ≤1.05, with less than 2% of Rhat values ≥1.02 (Appendix 
3.1).  The ratio of effective sample size to the number of samples (n.eff/N) was low (<0.1) 
(Gabry and Modrák 2018) on elevation, elevation2, or LFI for 5 species (elevation and elevation2 
for red spruce – Picea rubens, Virginia pine – Pinus virginiana, and pin cherry; elevation for 
sassafras, Sassafras albidum; and LFI for red spruce, Virginia pine, and Amelanchier spp.), with 
suboptimal to poor mixing of chains on elevation and elevation2 for red spruce, Virginia pine, 
pin cherry, and sassafras (Appendix 3.1).  Autocorrelation plots of the chains revealed persistent 
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autocorrelation in the elevation and elevation2 samples for these species, indicating that the 
credible intervals for the parameter estimates may be wider than what could be obtained with 
more samples (Kruschke and Vanpaemel 2015) and should be interpreted with caution.  These 5 
species are distributed toward the extreme high or low ends of the elevation gradient; in 
particular, red spruce and Virginia pine have large (positive or negative) elevation parameter 
estimates compared to other species (Appendix 3.1), and these two species exhibit the greatest 
autocorrelation of chains.  With this in mind, the persistent autocorrelation likely indicates that 
the model constraints (parameter estimates for all species drawn from the same probability 
distribution) are not well suited to these species, and their distributions on the elevation and LFI 
gradients could be more precisely modeled individually or in separate groups for high or low 
elevation.  Posterior density plots all exhibited relatively smooth, unimodal, approximately 
Gaussian marginal posterior distributions. 
Aggregate change 
 Twenty-eight of 30 taxa exhibit credible differences in distribution (or probability of 
occurrence) on one or more parameters between the two time periods (Appendix 3.1).  Group-
level means for parameter interactions with time exhibit nonzero, or nearly nonzero, 95% 
credible intervals (Figure 3.7), indicating that for this group of species, the overall distribution in 
the 1990s-2000s is different from the distribution in the 1930s.  Group-level mean probability of 
occurrence is slightly lower in the 1990s-2000s for all disturbance classes.  However, the 
credible intervals for the disturbance class interactions with time largely overlap with each other, 
indicating no group-level differences in the level of decline between disturbance classes.  
Interestingly, group-level mean elevation and LFI are both lower in the 1990s-2000s, implying 
that the group-level distribution has shifted to a warmer and (topographically) drier optimum 
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(mean center of distribution).  Group-level mean elevation2 is higher in the 1990s-2000s, 
reflecting an increase in breadth of this group’s distribution along the elevation gradient.  
Elevation and elevation2 also interact differently with LFI in the 1990s-2000s:  in the 1930s, the 
group-level distribution tended toward sites with lower LFI as elevation increased, reflecting an 
increase in precipitation with elevation that improves the suitability of topographic settings that 
would be unsuitable at lower elevation.  However, by the 1990s-2000s, the slope of this 
difference in topographic suitability by elevation was less steep, indicating that the group-level 
distribution along the LFI gradient with increasing elevation had become less differentiated (or 
more uniform).  The slope of the elevation x LFI interaction can move closer to zero by either 
retracting at one end of the gradient or expanding at the other.  Conversely, in the 1930s, the 
breadth of most species’ unimodal or logistic response to elevation was not influenced by LFI.  
However, by the 1990s-2000s, the group-level distribution spanned a narrower range of elevation 
on lower-LFI sites with a relatively broader range of elevation on higher-LFI sites. 
Change in species dominance and probability of occurrence 
 Comparison of species’ relative abundance and relative frequency reveals park-wide 
shifts in dominance (Table 3.1).  As expected, all four species with known declines – American 
chestnut, Fraser fir, American beech, and pitch pine – exhibited major decreases in relative 
frequency and relative abundance between the two time periods.  Even though chestnut blight 
was established in GRSM by the 1930s, American chestnut was still by far the dominant tree 
species in the park, with mature trees (≥10 cm dbh) still alive or standing dead in 45.54% of plots 
and mean relative abundance of 18.55 m2 per ha.  The five most frequent tree species in the 
1930s besides American chestnut included chestnut oak (Quercus montana) (29.61%), Northern 
red oak (Quercus rubra) (27.04%), red maple (Acer rubrum) (26.13%), yellow birch (Betula 
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alleghaniensis) (22.81%), and Eastern hemlock (Tsuga canadensis) (19.26%).  Even the most 
abundant of these, chestnut oak and Eastern hemlock, exhibited less than half the mean relative 
abundance of American chestnut.  By the 1990s-2000s, mature American chestnut trees (canopy 
and subcanopy) were recorded in less than 1% of plots, and mean relative abundance (% cover) 
was only 0.12%.  The dominant species by far in the 1990s-2000s was red maple, which was 
recorded in 62.07% of plots and attained a mean relative abundance of 17.36%.  The four most 
frequent tree species in the 1990s-2000s besides red maple remained the same as in the 1930s, 
and all but chestnut oak increased in relative frequency and relative abundance.  Yellow-poplar 
(Liriodendron tulipifera) increased to nearly the relative frequency of Eastern hemlock and 
surpassed Eastern hemlock in relative abundance. 
 Other species that notably decreased in relative frequency or abundance include black 
locust (Robinia pseudoacacia), black oak (Quercus velutina), white basswood (Tilia americana 
var. heterophylla), and white ash (Fraxinus americana).  Other species that notably increased 
include black birch (Betula lenta), sourwood (Oxydendrum arboreum), Fraser magnolia 
(Magnolia fraseri), Eastern white pine (Pinus strobus), black cherry (Prunus serotina), striped 
maple (Acer pensylvanicum), mountain maple (Acer spicatum), and American mountain-ash 
(Sorbus americana) (Table 3.1). 
 Eight of 13 species that increased in park-weighted mean probability of occurrence also 
increased in mean relative abundance and relative frequency (Table 3.1).  Only 6 of 17 taxa with 
a decrease in park-weighted mean probability of occurrence also decreased in mean relative 
abundance and relative frequency.  One species that increased and one that decreased in park-
weighted mean probability of occurrence were not included in the relative abundance/frequency 
analysis, and one taxon (Carya spp.) cannot be compared between the two analyses, because the 
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species were not combined to genus level in the relative abundance/frequency analysis.  Four 
species – Northern red oak, yellow birch, red spruce, and black gum – that decreased in weighted 
mean probability of occurrence notably increased in relative abundance and relative frequency.  
Five of 7 species that showed opposite change (increase or decrease) in relative frequency and 
abundance also showed mixed increase and decrease in probability of occurrence across the park 
gradients (Appendices 3.2, 3.3). 
Change in species distributions 
 The arrow plot of changes in probability-weighted optimum (weighted mean center of 
distribution) for all 30 taxa (Figure 3.8) illustrates how individual species contribute to the 
aggregate change identified in the hierarchical Bayesian SDM results: Twenty-one taxa shifted to 
a lower weighted mean elevation, 4 species shifted higher, and 5 species exhibited little or no 
change in weighted mean elevation.  Nineteen species shifted to a lower weighted mean LFI, 8 
taxa shifted to higher LFI, and 3 taxa exhibited little or no change in weighted mean LFI. 
 Species were grouped into 3 general and 10 specific categories of change (or lack of 
change) (Table 3.2) based on response curves (Appendix 3.3) and heat maps of change 
(Appendix 3.2).  Thirteen taxa generally decreased, crashed, or retracted along gradients, 3 
species exhibited mixed change, and 14 taxa generally expanded or marched to higher or lower 
positions along the gradients.  Nearly half the species exhibited one of two specific types of 
change: decrease or crash in probability of occurrence along the elevation gradient with 
retraction from higher-LFI sites (6 taxa); or increase in probability of occurrence with expansion 
to lower-elevation and lower-LFI sites (7 species).  The remaining species exhibited decrease in 
probability of occurrence with retraction from higher elevation and higher LFI (5 species); 
general decrease (1 species); retraction from lower elevation and lower LFI (1 species); increase 
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in probability of occurrence with expansion to lower elevation and higher LFI (2 species); 
increase in probability of occurrence with expansion to higher elevation and higher LFI (2 
species); march to lower elevation (2 species); march to higher elevation with expansion to 
higher LFI (1 species); and mixed change (3 taxa).  Not surprisingly, all 13 species that generally 
decreased, crashed, or retracted in distribution also decreased in park-weighted mean probability 
of occurrence, and 12 of 14 taxa that expanded or marched lower or higher in elevation increased 
in park-weighted mean probability of occurrence (Table 3.2).  The remaining two species that 
marched to higher or lower elevation decreased in park-weighted mean probability of 
occurrence.   
Patterns of species response 
Climate 
 Species that expanded or marched in distribution spanned the elevation gradient, and 
these species tended toward higher-LFI optima in the 1930s (Table 3.2).  Consistent with this 
topographic site preference, species that expanded tend to be less drought tolerant (10 of 14 
species, 71.4%, classified as intolerant of drought to some degree).  Taxa that decreased/crashed 
or retracted tended toward 1930s optima at lower elevation and lower LFI.  No clear bias toward 
drought tolerance or intolerance is evident for taxa that decreased/crashed or retracted (7 vs. 6 
species, respectively).  However, most GRSM tree species are adapted to mesic conditions, so 
considering the proportion of drought-tolerant species that changed may also be informative.  
Only 11 of the 30 taxa modeled are classified as drought tolerant, and approximately 64% of 






 Eleven of 14 species (78.6%) that expanded are classified as intolerant of fire (Table 3.2).  
Eight of 13 taxa (61.5%) that decreased/crashed or retracted are tolerant of fire.  However, only 
11 of the 30 taxa modeled are tolerant of fire, and approximately 73% of these (8 of 11) 
decreased/crashed or retracted.  All 5 oak species that were modeled, which are dependent on 
advance growth and fire to varying degrees (Brose et al. 2014, Iverson 1999), decreased/crashed 
or retracted.  The 3 fire-tolerant species that expanded (pin cherry, sassafras, and Eastern white 
pine) can increase opportunistically with other disturbances besides fire. 
Major disturbance 
 Mean weediness index (±SD) is higher for species that expanded or marched than for 
species that decreased/crashed or retracted (2.67 ±0.30 vs. 1.99 ±0.56, respectively) (Figure 3.9, 
Table 3.2), indicating that species that have expanded or marched tend to have traits that favor 
rapid colonization, establishment, and growth with opportunity (availability of resources) and 
suitable environmental conditions, whereas species that have decreased/crashed or retracted have 
traits that favor persistence or stress tolerance.  Only one species (sugar maple) that expanded or 
marched has a weediness index much lower than the mean (2.09 compared to the mean across 
taxa of 2.365).  Three species (black locust, white basswood, and Virginia pine) with weediness 
index much higher than the mean decreased/crashed or retracted (Figure 3.9, Table 3.2). 
Comparison 
 For species that expanded or marched, 12 of 14 (85.7%) have a weediness index higher 
than the mean, compared to 11 of these (78.6%) that are fire sensitive and 10 of these (71.4%) 
that are drought intolerant (Table 3.2).  Likewise, for species that decreased/crashed or retracted, 
10 of 13 (76.9%) have a weediness index below the mean, compared to 8 of 13 (61.5%) that are 
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fire tolerant and 7 of 13 (53.8%) that are drought tolerant.  Overall, weedy traits explain a higher 
percentage of species-level change than fire sensitivity or drought tolerance: 81.5% of species 
responded as expected based on weediness index (expand/march for index values above the 
mean index value and decrease/retract for values below the mean) versus 70.4% for fire 
sensitivity and 63% for drought tolerance. 
Discussion 
 For 28 of 30 taxa modeled, species distributions exhibited some degree of statistically-
defined credible change between the 1930s and 1990s-2000s (Appendix 3.1A).  An additional 3 
species that were not modeled with SDM showed change in relative abundance and relative 
frequency between the two time periods.  Despite the number of tree species responding 
individualistically to the complexity of environmental gradients, land use history, and 
disturbances across GRSM, the hierarchical Bayesian model reveals aggregate directional 
change: when the species are considered as a group, 1) distribution has shifted toward warmer 
and drier sites (lower elevation and lower LFI, respectively); 2) distribution along the 
topographic moisture (LFI) gradient has become more uniform across changes in elevation; 3) 
distribution along the elevation gradient is narrower in the drier sites (lower LFI); and 4) 
probability of occurrence is generally lower for all land use history categories, including 
historically undisturbed areas. 
 The aggregate shift to lower elevation and lower LFI was unexpected.  Studies in other 
regions have shown aggregate shifts to higher elevation in montane plant species distributions 
(e.g., Lenoir et al. 2008, Kelly and Goulden 2008, Beckage et al. 2008), consistent with the 
theoretical expectation of a warming “fingerprint”.  More recently a number of studies have 
documented aggregate or partial shifts to lower elevation (Lenoir et al. 2010 Crimmins et al. 
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2011, Bhatta et al. 2018), with species tracking changes in moisture along topographic gradients 
or responding to grazing pressure, rather than uniformly shifting to higher elevation with 
warming.  In GRSM, the aggregate change comprises 14 expanding or marching species with 13 
decreasing/crashing or retracting species, and this combination of expansion and retraction on 
both gradients contributes to a less pronounced differentiation of species along the moisture 
gradient with increase or decrease in elevation. 
 At the species level, changes in response curves for many tree species in GRSM are 
complex combinations of the simple types identified by Maggini et al. (2011), but groups of 
species with similar types of response highlight trends for the GRSM landscape.  Assessment of 
species’ traits within response curve groups provides some support for two competing narratives 
of forest change in eastern North America: response to changes in climate (primarily an increase 
in moisture) (Pederson et al. 2015, Lesser and Fridley 2015) and response to widespread 20th-
century fire suppression (Nowacki and Abrams 2015).  Taken together, shifts in species’ optima 
to lower elevation and lower LFI present a compelling picture of response to the 20th-century 
increases in total annual and growing season precipitation documented for GRSM (Lesser and 
Fridley 2015).  In addition, many drought-intolerant species that tend to occur in moist sites have 
expanded in distribution to lower (warmer) elevation and topographically drier sites, and some 
drought-tolerant species that tend to occur in drier sites have shifted or retracted to even lower 
elevation and the driest sites topographically.  At the same time, most species that have expanded 
are classified as sensitive to fire, and most fire-tolerant species (including all modeled species 
that are considered fire-dependent) have declined and retracted, arguing for the encroachment of 
fire-sensitive species into historically fire-prone sites. 
 However, results also support that major disturbance – both historical and ongoing – may 
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be a more important, or at least equally influential, driver of change in GRSM species 
distributions.  The clear separation in weediness index values between species that expanded or 
marched (high values) and species that decreased/crashed or retracted (low values) suggests that 
widespread (and repeated) reductions of canopy cover, whether from logging, settlement, or 
mortality from pests and pathogens, have enabled shifts in distribution and dominance of species 
with traits that enable relatively faster rates of colonization and establishment after disturbance.  
Overall, weedy traits explain a higher percentage of species-level change than fire sensitivity or 
drought tolerance: 81.5% of species responded as expected based on weediness index vs. 70.4% 
for fire sensitivity and 63% for drought tolerance.  Although much past research has focused on 
community- or stand-level succession and changes in regional species composition after 
agriculture, logging, and chestnut blight (e.g., Thompson et al. 2013, Wang and Hu 2015), the 
effect of widespread, major forest disturbance on aggregate changes in regional tree species 
distributions has received less attention (Perring et al. 2016).   
 For GRSM, the spatial overlap and temporal sequence of major disturbance, fire 
suppression, and climate change make it difficult to distinguish between them as drivers of 
aggregate change on the landscape, particularly in the absence of fine-scale data on the 
distribution of these factors.  As simplified categories, fire tolerance and drought tolerance are 
correlated, highlighting the need to use specific traits that can more directly differentiate species’ 
responses to reduced fire frequency from responses to climate variables.  Likewise, the traits 
used in the weediness index to represent response to major disturbance may also influence how 
species respond to climate change-induced disturbance or reduced fire frequency; for instance, 7 
species with a high weediness index value are known to increase after either fire or other major 
disturbance (Iverson 1999).  In addition, species with weedy traits might be expected to be more 
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successful than less weedy species in invading fire-suppressed sites that have more open 
canopies (higher light availability) and lower density (less competition), particularly sites with 
high yellow pine mortality from southern pine beetle. 
 Characteristics of the outliers (species that did not follow the expected trend for each of 
the 3 hypothesized drivers of change) further emphasize the need to account for other drivers of 
change, the timeline and sequence of drivers (particularly with regard to the lifespan of species), 
and their additive or interactive effects on aggregate change.  White basswood, white ash, 
cucumber magnolia (Magnolia acuminata), yellow birch, and red spruce are all fire-sensitive, 
drought-intolerant, non-weedy species (or intermediate in weediness for yellow birch) (USDA 
Forest Service 2014, Iverson 1999, Burns and Honkala 1990) that declined unexpectedly, and 
four of the species (all but cucumber magnolia) have known or suspected sensitivity to 
atmospheric deposition and/or ozone, with documented or predicted decline related to pollution 
in other parts of their ranges (USDI National Park Service 2019a, Duarte et al. 2013, Lovett et al. 
2009, Coulston et al. 2003, Driscoll et al. 2001, Iverson 1999).  Black locust and Virginia pine 
both declined despite weediness index values much higher than the mean across all 30 species, 
but both are shade-intolerant, relatively short-lived species (especially black locust) that increase 
after fire or other disturbance, that would already have been present in the 1930s GRSM 
landscape in response to previous logging, settlement, and fire, and that could be expected to 
decline over 65+ years of succession in the absence of fire or other large disturbance nearby 
(Iverson 1999).  Black locust is also sensitive to pollution (USDI National Park Service 2019b).  
Periodic southern pine beetle outbreaks in GRSM in the 1950s and 1960s-70s may also have 
accelerated decline of Virginia pine in some areas of the park (Harrod et al. 1998). 
 Pin cherry, Eastern white pine, and sassafras are all moderately tolerant of fire but have 
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expanded or marched in distribution; likewise, black cherry, red maple, and sourwood are 
drought-tolerant but have increased and/or expanded in distribution.  All of these species have 
some weedy traits, and several are known to increase after fire (pin cherry, Eastern white pine, 
sassafras, and red maple) or other major disturbance (all but sourwood) (USDA Forest Service 
2014, Iverson 1999).  Pin cherry actually declined in weighted mean probability of occurrence, 
as might be expected for this short-lived, shade-intolerant species several decades after logging 
(USDA Forest Service 2014); however, the death of Fraser fir from balsam woolly adelgid in the 
1980s enabled this species to expand more recently at higher elevation (Tuttle 2007).  The other 
five species are either relatively long-lived, shade tolerant, or both (Iverson 1999, Burns and 
Honkala 1990) and would be expected to persist or continue to increase with succession from 
logging and chestnut blight, decades of fire suppression, and new major disturbances such as 
mortality of Fraser fir and American beech. 
 A mixed response in distribution for several species highlights probable interaction 
among drivers, including effects that offset, amplify or mask effects of another driver, which can 
generate misleading changes in species response curves (as in, e.g., Schwilk and Keeley 2012).  
Both flowering dogwood and sugar maple expanded toward lower elevation and retracted from 
higher elevation and higher-LFI sites, giving the appearance of a march-type shift in distribution; 
however, these species would not be expected to retract from occupied sites at higher elevation 
while moisture remains non-limiting.  Since the 1980s and 1990s, flowering dogwood has 
experienced range-wide mortality from dogwood anthracnose (Discula destructiva) (Oswalt et 
al. 2012), an exotic fungal disease which is known to have caused greater mortality in cove and 
alluvial sites (high LFI) in GRSM (Jenkins and White 2002).  Declines in sugar maple in the 
northeastern U.S. from atmospheric deposition interacting with other stressors (Driscoll et al. 
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2001) may point to a possible cause of sugar maple decline in GRSM, particularly at higher 
elevation where deposition of acidic compounds is higher (Fakhraei et al. 2016).  For these 
species, expansion from major disturbance and fire suppression may be masking more recent 
declines from pollution and disease. 
 Similarly, the interaction of multiple stressors may account for an overall retraction in red 
spruce distribution that differs among disturbance categories.  While an ecotonal shift to higher 
elevation and higher-LFI (and therefore cooler) sites as a result of climate warming seems 
plausible (though not definitively supported by long-term trends in regional climate data), Tuttle 
(2007) documented stability and perhaps increase of red spruce abundance in undisturbed areas 
of the northern hardwood—spruce-fir ecotone.  Around the same time, Hayes et al. (2007) 
identified a negative interaction between logging and the lower-elevation limit of red spruce on 
south-facing aspects, particularly on the south side of the park.  Red spruce has also exhibited 
past growth declines related to atmospheric deposition, particularly on sites near ridges (Webster 
et al. 2004), and may have experienced increased susceptibility to windthrow related to mortality 
of Fraser fir in the 1980s (Busing and Pauley 1994).  Response curves in this study show more 
pronounced retraction of red spruce in undisturbed and diffuse disturbance areas since the 1930s, 
but overall lower probability of occurrence with less retraction (drier sites), and some increase 
(wetter sites) in logged areas, which may be a result of gradual or only partial recovery from 
logging.  (The results here may or may not conflict with Hayes et al.’s (2007) results because of 
differences in the response variable and methods).  This “recovery” of red spruce from major 
disturbance such as logging may be somewhat masking decline of red spruce from other causes, 
such as air pollution. 
 The hierarchical Bayesian modeling approach is known to produce shrinkage of 
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parameter estimates toward the group mean (Kruschke and Vanpaemel 2015).  In the model 
presented here, posterior distributions for several species’ parameter estimates (primarily 
elevation) exhibit autocorrelation and low effective sample sizes, possibly indicating lower 
precision of the estimates than could be obtained with either a separate model for those species 
or a much larger number of sampling iterations.  The model can be revised and/or rerun to 
improve performance for these species, and because uninformative priors were used, parameter 
estimates can be compared to estimates from maximum likelihood-based logistic regression 
models for individual species to evaluate shrinkage.  In addition, Bayesian credible intervals for 
model predictions should be calculated so that uncertainty in the model predictions, given the 
data, can be considered when comparing and interpreting predictions for the two time periods.  
Limitations in the data may have produced error and/or bias in the results.  Differences in 
plot size and data types (individual tree counts versus canopy cover estimates) between the two 
time periods and within the 1990s-2000s datasets may create differences in presence-absence 
detection threshold between datasets and by species, which could be addressed by adding a 
detection-level model based on plot size to the hierarchical model.  In spite of the large number 
of vegetation plots from both time periods and the grid-based sampling design of the 1930s 
survey, not all GRSM watersheds and environments are well sampled.  In particular, portions of 
two watersheds had been severely burned by post-logging slash fires prior to the Miller survey, 
and some portions of two southwestern watersheds were not yet included within the park 
boundary, so these areas were not sampled in the 1930s.  In addition, density of the 1930s 
sampling grid varied in some areas of the park.  The Simons 1990s dataset follows the park’s 
trail network and oversamples some high- and low-elevation environments while under-sampling 
some middle-elevation environments.  Other 1990s-2000s datasets are mostly clustered in three 
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different areas of the park because of the research objectives that informed site selection in each 
separate study.  Because the 1930s plots were not permanently marked, the 1990s-2000s datasets 
could not be designed as a resample of those plots.  As a result, the spatial and environmental 
differences in sampling between the two time periods are a potential source of error in the 
results.  Although the model should be rerun using geographically and environmentally matched 
plots for the two time periods, the results are generally supported by previous work on changes 
individual species, such as flowering dogwood (Jenkins and White 2002) and red spruce in 
GRSM (Hayes et al. 2007 and others) and American chestnut in the central Appalachians (Burke 
2012). 
 The results presented here emphasize several areas of need for future research on 
changing tree species distributions in GRSM and elsewhere:  use of species’ traits and response 
curves for identifying types of change; accounting for multiple stressors and interactions between 
drivers of change; and incorporating species’ traits,  land use legacies, and other non-climatic 
drivers into projections of species distributions with future climate change.  In this modeling 
effort for GRSM, assessment of species’ response curves (rather than only one of the four 
distributions parameters) and quantitative species traits representing plant strategies may point to 
“weedification” from widespread and ongoing major disturbance as a simpler explanation for 
aggregate forest change than climate change or fire suppression.  Nevertheless, research has 
documented the effects of fire suppression, particularly in the western portions and lower 
elevations of GRSM (Harrod et al. 2000), and suites of traits are needed that can help distinguish 
between, for example, species’ responses to past logging, death of American chestnut, and fire 
suppression.  For eastern North America in particular, use of quantitative traits or 
methodological approaches that move beyond problematic generalizations of species as 
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“mesophyte”, “shade tolerant”, or “late successional” (e.g., as identified in Canham and Thomas 
2010 and Lienard et al. 2015) can help distinguish the effects of fire suppression and other 
drivers from an aggregate signal of climate change. 
 These drivers most likely interact in their effects on species distributions, with the ability 
to offset, magnify, or mask each other.  Where possible, constructing the sequence, timeline, and 
spatial distribution of different drivers may help with modeling the aggregate and species-level 
effects of drivers that interact with each other and with environmental gradients.  Although the 
results of this study show similar aggregate change across disturbance history categories 
(including undisturbed), even the coarse-scale representation of categories used here identifies 
species-level effects of land use history and likely interactions between drivers of change.  For 
instance, logging-settlement differentially influenced increase or decrease for several species 
(e.g., red spruce and other species not discussed here) (Appendices 3.1A, 3.3); response to 
mortality of American chestnut likely interacted with fire suppression and land use history for 
some species (e.g., in undisturbed areas, northern red oak, chestnut oak, and scarlet oak increased 
in the lower-LFI sites where they co-occurred with American chestnut) (Appendix 3.3); and the 
sequence of logging followed by fire suppression and increasing precipitation may have 
influenced decline of most oaks while favoring increase of weedy species that are not fire 
dependent (Appendix 3.3).  In particular, a pattern of decline in several species (such as white 
basswood, white ash, and others) not readily explained by major disturbance, fire suppression, or 
climate change may point toward air pollution or other stressors as the cause.  Going forward, 
research on species distributions should be designed to control for and incorporate not just 
environmental gradients but also multiple stressors and their interactions, even where drivers are 
diffuse or not yet shown to have direct effects on survival or reproduction. 
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 Finally, this modeling of aggregate change in tree species distributions across a region of 
the southern Appalachian Mountains supports calls for incorporating species’ traits, land use 
legacies, and other global change drivers into projections of species distributions with future 
climate change (Perring et al. 2016, Franklin et al. 2016, Rapacciuolo et al. 2014, Lenoir and 
Svenning 2015).  For instance, simulation modeling based on future climate scenarios and 
species’ climatic tolerances predicts that oak-hickory forests will expand in eastern North 
America with future climate change (Iverson et al. 2008, Tang and Beckage 2010).  At the same 
time, much research documents widespread decline of oak species in eastern North America and 
the difficulty of restoring oak-dominated forests with controlled burning after decades of fire 
suppression (Brose et al. 2014).  The results here suggest retraction in distribution, decrease in 
probability of occurrence, and lower frequency of occurrence for several oak species in GRSM.  
Because species’ frequency on the landscape will likely influence their relative abilities to 
respond to climate change (Canham and Thomas 2010), efforts to project future distributions 
should consider potential effects of continued oak decline, in addition to interactions between 
species’ traits, climate change, and altered disturbance regimes (such as new pests and pathogens 
or increased fire frequency and intensity).  In the face of multiple, ongoing drivers of change, the 
simplest prediction at present may be that “weedification” will continue – species best adapted to 
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Figure 3.1. Types of change in species response curves in response to climate change or other 
drivers of change.  Reproduced from a) Maggini et al. (2011), showing 8 types of change, and b) 
Lenoir and Svenning (2015), showing 6 types of change with respect to species’ rates of 




Figure 3.2. Great Smoky Mountains National Park, North Carolina and Tennessee, USA, with 
topographic relief and major forest types. Vegetation classification created by the Center for 
Remote Sensing and Mapping Science (now the Center for Geospatial Research), University of 





Figure 3.3. Disturbance history and fire in GRSM prior to park formation in the late 1930s.  The 
map is derived from Pyle’s disturbance history compilation and maps (1985), the 1930s Miller 
vegetation survey, and the park’s fire history database. Irregular dots, including in undisturbed 





Figure 3.4. Frequency of major disturbance history categories along the elevation gradient in 
GRSM. Undisturbed sites are biased toward higher elevations, concentrated settlement and 
diffuse disturbance sites are biased toward lower elevations, and corporate logging occurred 
throughout the gradient.  The frequency distribution of disturbance history categories on the 




Figure 3.5.  Modeled 1930s distributions for 5 dominant tree species on the elevation and 
moisture gradients in GRSM, before near-complete (or ongoing) mortality from exotic pests.  
Gray shading represents summed probabilities of occurrence for bins of combined elevation and 
landform index (LFI) (although species may not actually overlap in particular locations).  
Probabilities are predictions from presence-absence logistic regression SDM based on species 
occurrences in the 1930s Miller vegetation survey, elevation, elevation2, LFI, and their 
interactions.  White contour lines represent 0.5 probability of occurrence for the individual 
species:  A = American beech, B = Fraser fir, C = Eastern hemlock, D = American chestnut, and 




 a)      b) 
 
 c)      d) 
 
Figure 3.6. Comparison of frequency distributions for 1930s and 1990s-2000s vegetation plots 
on the elevation and landform index (LFI) gradients in GRSM.  a) Frequency of 1930s plots, b) 
frequency of 1990s-2000s plots, c) difference in plot densities (proportions) between the 1930s 




Figure 3.7. Segment plot of Bayesian credible intervals for group-level mean estimates (mu) of 
parameter x time interactions.  Thin outer lines and thick inner segments represent 95% and 66% 
equal-tailed credible intervals, respectively.  As distance of the 95% interval from zero increases, 





Figure 3.8. Changes in modeled optima on the elevation and landform index (LFI) gradients for 
30 tree species between the 1930s and 1990s-2000s.  Blue arrows connect 1930s optima (white 
dots) to 1990s-2000s optima (black dots).  Gray shading represents summed probabilities of 
occurrence from the modeled 1930s distributions of American chestnut, Fraser fir, American 
beech, Eastern hemlock, and pitch pine (as in Figure 3.5).  White contour lines represent 0.5 







Figure 3.9.  Boxplot of weediness index values by SDM response curve groups.  The index 
represents a combination of four species traits that influence how species respond to major 
disturbance.  Center lines show the medians; box limits indicate the 25th and 75th percentiles as 
determined by R software (R Core Team 2014); whiskers extend 1.5 times the interquartile range 
from the 25th and 75thpercentiles; data points are plotted as open circles and are jittered.  Number 
of sample points for each response curve group is 13 for decrease or retract, 3 for mixed change, 
and 14 for expand or march.  Response curve groups and derivation of the weediness index are 





Table 3.1.  Relative frequency, relative abundance, and proportional change for GRSM tree 
species in the 1930s and Simons 1990s vegetation plots.  **Castanea dentata figure includes 
both live and standing dead trees.  Purple shading indicates an increase in the 1990s relative to 
the 1930s; orange shading indicates a decrease.  Gray shading for Carya spp. indicates no 







Table 3.2. Response curve groups by species with species traits and functional groups.  See text 
for sources and derivation of values. WI = weediness index. G = growth constant. wtd = 
weighted. prob. = probability of occurrence. elev. = elevation. Tol. = tolerance. Fruit Freq = 
fruiting frequency. Age Rep = youngest age at reproduction. Fruiting frequency categories from 
1 (most infrequent) to 5 (most frequent) follow Wonkka et al. (2013). Where sources differed on 
a species’ maximum age, the additional maximum age is noted in parentheses. Response curve 
group key: 0 = mixed change; 1a = decrease/retract from lower elevation and LFI; 1b = 
decrease/retract from higher elevation and LFI; 1c = decrease/retract from higher LFI; 2d = 
expand/march to lower elevation and LFI; 2e = expand/march to lower elevation and higher LFI; 
2f = expand/march to lower elevation; 2g = expand/march to higher elevation and LFI.  m = 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































APPENDIX 3.1. A) HIERARCHICAL BAYESIAN SPECIES DISTRIBUTION MODELING 
RESULTS; B) SPECIES ACRONYMS 
 
A)  Table of hierarchical Bayesian SDM summary results from JAGS (Plummer 2003) and 
jagsUI (Kellner 2015) for 30 tree taxa in GRSM.  The summary includes species-level mean, 
group-level mean, and group-level standard deviation estimates for all model parameters as well 
as model deviance.  Parameters include disturbance history categories (Und. = undisturbed, DD 
= diffuse disturbance, L-S = logging and settlement), elevation, elevation2, landform index (LFI), 
elevation x LFI, elevation2 x LFI, and interactions of each parameter with Time (0 = 1930s, 1 = 
1990s-2000s).  For each parameter, statistics calculated from the posterior sampling distributions 
(3 chains combined) are provided, including the estimated mean, standard deviation, quantiles, 
Rhat, n.eff (effective sample size, maximum = 3000), overlap (0 for no overlap of posterior 
distribution with zero, 1 for some degree of overlap), and f (the proportion of samples that have 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































B)  Tree species acronyms used in Appendix 3.1A. and Figure 3.8.  Nomenclature follows 
Weakley (2015). 
 
   ABSFRS  Abies fraseri 
   ACRPNS  Acer pensylvanicum 
   ACRRBR  Acer rubrum 
   ACRSCC  Acer saccharum 
   AML   Amelanchier spp. 
   ASCFLV  Aesculus flava 
   BTLALL  Betula alleghaniensis 
   BTLLNT  Betula lenta 
   CRY   Carya spp. 
   CRNFLR  Cornus florida 
   CSTDNT  Castanea dentata 
   FGSGRN  Fagus grandifolia 
   FRXAMR  Fraxinus americana 
   HLSTTR  Halesia tetraptera 
   LRDTLP  Liriodendron tulipifera 
   MGNACM  Magnolia acuminata 
   MGNFRS  Magnolia fraseri 
   NYSSYL  Nyssa sylvatica 
   PICRBN  Picea rubens 
   PNSRGD  Pinus rigida 
   PNSSTB  Pinus strobus 
   PNSVRG  Pinus virginiana 
 
169 
   PRNPNS  Prunus pensylvanica 
   PRNSRT  Prunus serotina 
   QRCALB  Quercus alba 
   QRCCCC  Quercus coccinea 
   QRCMNT  Quercus montana 
   QRCRBR  Quercus rubra 
   QRCVLT  Quercus velutina 
   OXYARB  Oxydendrum arboreum 
   RBNPSD  Robinia pseudoacacia 
   SSSALB  Sassafras albidum 
   TILHTR  Tilia americana var. heterophylla 




APPENDIX 3.2.  HEAT MAPS OF CHANGE  
IN WEIGHTED MEAN PROBABILITY OF OCCURRENCE FOR 30 TAXA 
 
Heat maps of change in weighted mean probability of occurrence by species are derived from 
differences in SDM predictions for the 1930s and 1990s-2000s in a grid of elevation-landform 
index (LFI) bins across GRSM.  For each species, model predictions for each disturbance history 
category were weighted by the proportion of each elevation-LFI bin in the park and summed to 
create the weighted mean probability of occurrence.  Differences are shaded from orange 
(decrease, maximum of -0.6) to white (no change, 0.0) to purple (increase, maximum of 0.6).  
White contour lines represent 0.1 intervals of change.  Predictions are plotted for elevation 
values between 350 and 1850 m and LFI values between 2 and 22, to limit interpretation of 
predictions to elevation-LFI bins that were well sampled in the two time periods.  Gray areas 
indicate elevation-LFI bins that do not occur in GRSM or that were not sampled in the two time 




























APPENDIX 3.3.  RESPONSE CURVES FOR 30 TAXA ON THE ELEVATION GRADIENT 
AT HIGH, MEDIUM, AND LOW VALUES OF LANDFORM INDEX, BY DISTURBANCE 
HISTORY CATEGORY 
 
Response curves derive from SDM predictions of probability of occurrence for each species in 
each time period.  For each species and time period, response curves were graphed separately for 
the three disturbance history classes (undisturbed, diffuse disturbance, and logging-settlement). 
Within each disturbance class, two sets of three curves represent SDM predictions from the 
1930s data (dotted lines) and from the 1990s-2000s data (solid lines). Colors correspond to the 
25th, 50th, and 75th quantile values of landform index (LFI) occurring in the data, representing 
high (purple), medium (green), and low (orange) values of LFI.  Further information is provided 
in the text. 
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